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JIThODUCTION

Thin report describes an experiment on small, shailow- burted arches of sheet steel
Leered in Operation SiowLall un..er Proect 3.4 and correlates the room" with a previotwiy
derived theory. The prime objoctive cJ Lhe work was to check the adequacy of the theory in
predicting body motions. Seccndary objectives were to measure shock input and shell responwa

T ",asigaion was e t i _' -1 it,;4044-to
which cw•stitutes the Navy's standard personnel shelter. The project was sponsored by the
Defen•se %tomic Support Agency through the Eureau of Yards and Docks.

Poil-Structure interaction research has been conducted at •he Naval Civil Engineering
Laktoratory (NCEL) over the past several years in an effort to gain information which will
provide guides in the design of underground structures. Most of this work, due to the
limitations of available equipment, has been on systems subjected to plane-wave loading.

Nwlear explosions produce a traveling-wave loading, Such loading may evoke quite a different
response in some modes of behavior, Including the body motions.

IF

Figure 1, Navy standard shelter. Ii



Acquiring an understand4ing and a means of analynting the body motton eventually will
permit the achievement of an optimum design where the motion is sufficient to develop arching
in the covering soil and yet is small enough to insure against ; ,•pturlng water seals or
damaging equipment and personnel. Obtaining datra on the shell behavior will permit an
evwluation of the influence of the traveling wave in inducing antisymmetrical mode response.
In additlon, there is a veed for shock-Input &ta to permit the deSign of proper isolators for
equipient and personnel and to determine when such isolators are required. The shock input
k4a, however, is not expected to scale to prototype situations a•1though it should provide an
idea of the character of the shock input function.

Data froazt the Operation Plumbbob structures 3.3 showed that the blastward foot'-L-
d•el*cted considerahLy more U an the leeward footings. I Thus, it a•pears that a buried arch
may undergu both rotatlxmal and translatiorn body .iottons. Subsequent experiments in the
I4CEL blat simulator have shown that the translational body motion of a buried arch iS likely
"to be the dominant mode of response under oot h static and plane wave blast loading. LZ, These
tests also showed that considerable arching is developed in the soil bridge over the structure.
Similar tests on buried cylinders (where the deflection of the structure with respect to the soil
field was small) showed, by contrast, that very little arching was developed. From the tests
in the blast simulator, it became evident that the percentage of surface load transmitted to a
buried arch is a function of the footing width. Widie footings reduce the body motion but result
in relatively large interface pressures. Narrow fV-otings permit an arch to punch Into the soil,
thus enabling a large portion of the surface load to be transmitted through the soil bridge
across the structure.

Under static loads, arching provides considerable added capawIty; however, under
dynamic loads there remains a question as to whether or not permitting appreciable relative
deflections between the atructtu e and the surrounding soil Is desirable. No doubt the shear
forces, terr-ed arching, are developed if sufficiently large relative displacemefia occur.
Unfortunate.y, these same motions permit the soil over the arch to achieve a momentum, and
subsequent dissipaition of the momentum loads tha structure.

Based on these observations, a theory was developed for estimating the magnitude of
relative deflection necessary to develop the maximum possible arching and to approximate the
maximum percentage of the surface loading which could be carried by arching for a given depth
of soil cover. A more elaborate theory of arching for a trapdoor system has been completed,
based on the assumption that the soil field acts as an elastic material in compression but is not
capable of resisting tensile stress. 4 The latter work provides curves which show the influence
of the various parameters involved.

rhe tiapdoor system is analogous to the buried arch if the span of the structure is taken
as the width of the trapdoor and the arch deflection relative to the adjacent soil is taken as the
diaplacement of the trapdoor. The buried arch problem represents the greater difficulty
because of the footings which influence deflection.

Footing behavior is in itself a perplexing problem. Only recently has an explanation been
offered for surface footings on granular soil reconciling what was previously thought to be
corficting data. 5 This work Illustrates that:

.. if, on the surface of a dense alard, a dynamically loaded footing is forced into
the sand very rapidly, it will fail in the punching shear mode. A slo% rate of
settlement of the same footing will cause it to fail in the general shear mode. The
peak dynamic load carried by the footing subjected to rapid settlements may be
three times the static bearing capacity of the footing, while slow settlements may
result In peak dynamic loads of about 1. 0 to 1. 2 times the static bearing capacity
of the same footing.

Even with this step forward in understanding, paradoxes remain. Dynamic footing tests with
surcharge pressure6 do not awpear to behave the same an the footings of buried arches.
Further, for buried structures, arching and footing effects are interdependent, thus
complicating Interpretation of behavior.

In an effort to accoun for arching and footing action, a theory has been derived for
predicting the body motions of a shallow-buried arch. This theory served as the -lWVXnesis for
the Project 3.4 experiment. Field tests were chosen as a m-. ui c necking the theory rather
than attempting to get the required data in a shock tube or similar facility for several reasons
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I
the main ones being: (I) to rfman reliable results, it was desirable to use a lUrger model
than could Lie accommodated in any existing shock tube, and (2) field testl-4 reduces adverse
boundary effects Inherent in sole test bins-

Model studie and testLig experience led the authors to believe that arches wAh a minimum
span of about 30 inches were desirable to achieve confidence in initial eaperpimen. Th#is t
ote-.tenth the span of the Plumbbob Project 3.3 arches. Limitations of ii&trumentatlon and
funds dctated that only four nxdels of this size could bo Inelud-e, "ghF 12inn dise te
models also were ticorporated in the program in an effort to get some Idea of the infJuence of
footing width, depth of burial, and the fUtaire load.

Ir. sbsequent paragr.Vha the theory which formed the basis ) r the exwerinzental pian
and the tests is outlined.

THEORY

A theory for predicting the body motions of a thin metal arch of shallow burial As given in
Appendix A. The basic assumption at this theory is that a soil-stress wave enveloping the arch
is equivalent to an impulse which lnpe.rta an Initial translational and angular velocity to the
structure. It is presumed that there Is sufficient load to induce failure planes in the soil. The
structure is assumed to andergo purely rigid-body motions insofar as finding the deflection of
the footings is concerned. With these and certain other assumptioms, the equrawon. are written
ior tht initial anguiar and translational velocities. Thereafter, the arch and its covering *oil
are t'eated as a simple model.

Writing the equation of vertical motion for the model provides the maximum dispiseementsof the two footings which, for long-duration loading, becomes

pr - V y _ ro)

where p a average surface side-on overpressure above structure

r - arch radius

Vj -i arching shear

kz - coefficient of subgrade reaction

b - footing width

o . u-I4al translational velocity

io - initial angular -elocity

i - nabtral translational frequency

w@ = natural rotational frequency

e = Naperian constant

and

V1  - E -p tan ) (r * do)

3 4



where s~angle of friction of soil

c= coefficient of coheLiIon

k= at rest coeff icitent of lateral earth pressure

p =average. suriace pressure over' arch

To sho rt-dur eqations lohd w the t J teonforthe bofdyetotn deflect ionn is uc m ree courle
ýr~ltanermsin , threrefgorlevcdrinsoa the s uito wsporfamed foresi a h digital co term o Pries
reigh-haondsiwrede wfEqaion this prora dfleton tue inputti !-ade ghivena the botcofd abld tird
thrsrpesenipt thles arfectionde to the Initual teredqantltionel vexocepty tatd inthal propeartioh

velocities, Thed iacceratwo enis also are ll g rel nabivle sm Pakl defl~eton pu dted at the 80-ps

Foerreshort-leueltwen lousth ovr Imi. iteroainws rdce for the boydfetosi uhiocomdipoexo

itctbecnluearonoutoso Equation 1; ttatrexfotrfo the appli.ws roraned loaddgiarmutr theho
archi~lng tere, mande wt te i foundatio moduuhe inpu varues ofido nant ihmpottaoc of Tabvermin

Ahse Ipreviouesl mrentiose, an teacuatio heasue beentdeveloe exceptwhat'o the mroexiesufth
percentpaged ofete sorfaewhltadwifhecant bse cArppendi by. arehinge fpeany gvalenset of se etoil,
cveloite, and approximateeaions also ars given for ThbeLPa deflectionsrequiredto develo this0-a

Fovrprestimtin leelwrpete jstoear tIrmncouLdttbe seozrotio wanprdiceo the staindefetions cof-

poet mer ey takncasuted prod outin of Ethetosurftace presuep time the radiuslivied byad the
arhn erVadtefoundation modulus, Nekecin arthnser oled tof dompenante fmorthne ingularandn
the bdylmtiona veofitye stuterms. Ti ol eue safrtapoia~nceko elc

fro lopdretionsloa exertimad nenuts. a endveoe lehr7 o aiu

coern taeparagrmaphs rehatiofollsowgvno the Operaction nwblProjuiet 3o 4dxerienopthidscie
arhnd .thereuls, are cmpasared wvithathe thoryjdigwehro oefetosaetlrbe

TorestiPorm atnd purossithe ofea Arch Moudels e ozeoadte ttcdflcincm

Ionen imerlyetaentins the pobjectie of Ph sroje 3.4. four t0imc he rpaniuandieight 12-inhesa
bourid arthes wodres Nloaedinth archiong shearwoldten shot Aomplnantvew for the projeat isd
hownisina Fvuelct 2.erasic noThios conl the phsedasal dimesi-ppons ofthe aches, thn deplethiofs

buromalongduloadncoition s aodeprieintls di.iur n al .Abto ve foeo
Inthe for prearcgahesC- thrt oughow -, thsOp shtown Sn Fwburoec 3. 4hexfourimanths adesanbe

aero the rsltsarge achmaes weith ithede thoprovdy no.to thoymto n h

restos Pofra the sDell. tino AcMdl

Obureieal archeswr oddi theS C0-to aridgh-exploeie shto provideviewomto fl the effject of
shooting widtgu-,C-8 n AQwre to provid Information on the ihyiflueienson ofthares the depth o

Of burial; rces CA-jo, CA-li, and CA-12 were to provide information on the modfoffacur ofth

buried arches.
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Table I. Preshot Fcoting Response Predictions*

(Oerpreautre 45 60 85

Parameter(pai_ _ ___

I Pressure 2
Du ration -- •- 118 97 82 4

efilection Leeward -1------- -. 50 -1

(in. Biastwar 092 i

Leeward 36. 10 47.44 66. 30Velocity

Blastward 36.50 47.81 66.43

Acceleration Leeward 17.7 23.2 32.9

Ig) Blastward 16.0 22.1 32.5

*For: Depth of cover over crown - 6 in.

Arch radius a 15 in.Footing width & 1. 20 in.

Footing depth X 1. 92 in.
Soil density = II Ib/ft 3

Mass of arch wiid footing = 0. 46 slugL
Foundation modulus = 300 lb/ftl3
Cohesion 0
Angle of internal friction 35 degrees
Coefficient of lateral earth pressure 0. 32
Velocity of stress wave in soil 1, 300 fps

Footings for the large arches were fabricated from steel angles welded together to lorin
a rectangular box section. Theae footings were fastened to the arch shell by piano hingea
brazed to the footirij 3 and riveted to the arch shell. The footings were held apart by rectangular
struts sharpened on the. bottom to minimize resistance as they were forced into the soil. A

sketch of the footings and braces is shown in Figure 4. The end walls, of l-1/2-i1ch thick
plywood, were designed to act independently of t ie arch. This was accomplished by mounting
the cnd walls on an internal 4-inch diameter aluminum pipe strut extending the length of the

arch as shown in Figure 5. A strip of 8-mil plastic was attached with fabric tape around the

semicircular perimeter of the end walls and fastent d to the arch to prevent sand from sifting
through the 1/4-Inch void between the ends of the arch and the end walls.

When the arches were placed, soil was filled to within 114 inch of the top of the inside of
the footings. A 1/4-inch plywood sheet was laid upon the soil (simulating a floating floor slab)
so that the top oi the plywood was flush with the top of the footings. The floor acted free of the
arch and footings.

The physical arrangement for the small arches was identical to that for the Lrie on**
except that the footing for arch CA-7 was solid steel.

===..• r :• •:-'• , . . .... ..... , • • _ .•-



'able U. Dh•,,•r•ns oof S1oi-Arch System

RAds Length iF~oot ins; Futing Thickieead Depthof

Arch ofAc fAc it eht oArh Bra ColNo. (in.) (tn. ) (in.) (ili I (gage)* (in.

SCA- 15 57. e 2 1.875 14

CA-2 57.6 1.25 1.875 1 i

CA-4 15 5. , 2, 1 1.875 2

C,-4 6 24 0. 15 G.7 28 6
CA-6 6 24 1 28 6
CA-? e 24 0.25 0. 7 28 6CA-8 6 24 . .2

CA-9 6 24 10.5 0.7 28 4

CA-1 6 24 0.5 0.7 28

CA- 1I 6 24 0.5 0.7 28 6
CA-~12 6 24 0.5 0.7 28 6

* 14 gage Birmingham sheet is 0. 0785 in. thick; 28 gage Birmingham sheet is 0. 01 56 in. thick.

Models CA-I through CA-3 were placed in a sand lackfill in an excavation of the shape
ir 4icated in Figure 8. The other models were in similar pits. Careful consideration was
given to how large the pit should be to avoid deleterious boundary effects. -Judgment and
experience indicate that the soil within a few footing wl1the of the footing is of dominant
influence in governing the footing deflection relative to the soil field since this is the region of
high atress concentration. Since body motions were the main concern, there was no apparent
need for a large pit providing one could supply logic to support the tenet that arching across
the pit would not be large,

Heuristic resoniln can be advanced to evince the improbability of significant effects
from arching across the pit as follows: (1) It has been shown that development of large arching
requires sizable relative deformations; (2) the difference in the vertical soil modulus of the
sand and the clay are not sufficient to develop relative deformations of the magnitude required
for significani arching to occur.

Because of the impedance mismatch between the sand fill and the silty clay of the free
field, reflected waves might be expected from the bottom and the back of the pit. Thene
reflections occur within a very short time as compared with the fundamental period of the
structure and, therefore, would not have any appreciable effects on the arrh velocities or
deflections. For ths prereding reasons, the size of the pit used was considered quite adeq ate
fcr purposes of the Projet•t 3.4 experiment.

A description of the soil used, a delineation of Its properties, and briefs of the methodc
employed in the main soft tests are given In Appendix B.

i • " "
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Figure 2. Plan view of Project 3.4.
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Fjgiue 3. Bottomn vOew of arch.

, ,r'shelf

"4" plywood 'r 1 "

S-7/.ob-.- 1 I -! ,§ . -/~ 1

-6"F 4.



F'lure 5. End wall and pipe strut.

There is good reason for us~ing a granular backfill in the model Wntallaftons AA Well at inI
prAtotype structures. 8S.3me OT the main roasons art as followvT

1I. Lairge s~hear strengtha can be developed: a lesser portion of the strength is lost
with wetting than oecura in cohesive soils.

2. Granular materials can be cornpactOd much more easily and uniformly than
cohesive 8014.

not always available with clays.

Goojd comnpaction of backffill soils Is exceedingly important in gaining large active and
passive pressures at small deflf~ctions. This In especially true it moisture !& preset (as It
m-ually would be in practical situations) Introducing an "apparent coheulon" in the *oil.

SM- mil plastic sheets were placed 2 inchet below the ourfacet of the soil to impair the
tranam)s~lofl of pore pressure thr-ough the Boil aB Indicated in) Figure 6. 'rhe intent was tWa
only Virergranular prewoures should be sensed by the arch dturin tlie Initial period ol response
to maxirnum deflection. in prototype arcti"., the larger depth of toll cover would serve as at
filter to the pore pres~w-ues. In models, .4 plastic sheet is needed for this purpose to gain

si ilriy
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Instrumentation

A total of 36 -hannels of eiectrordc measurements were made. Twenty-nine of these
were on arch CA-2 as Indicated In Fi•gure 7. In additlon, ther were veloelty gaee on the
biastward and leeward lootings and a surface pressure gage at each of arches CA-I and CA-3.
The 36th channel was a velocity gage on the southesat corner of the Instrument bunker.

Besides the slectronic moasuremonts, two plastic scratch boards were eMployed in etch
arch to define the maxinum deflections of various points on the arch with respect to the footings
and the floor. To accomplish this, the plastic scratch boards were placed back-to-back, one
bjeing attached to the •f•r and the other at&A'4 to the fut•.-rgg S-ribee for the .cr..te
boards were attached to the shell at 7, 20, 40, 90, 140, 160, and 173 degrees around the large
arches and at 7, 90, and 173 degrees on the small arches. Deflections of the arch *11h respect
to the footings were not expected to be sufficiently large to be detectable for the small arches.
Three vertical rods, one attached to the crown and one attached to each footing, provided
reference points for survey measurements.

The Intended pn-posee of the measurements were as follows:

1. Free-Field Deflect•on•. These measurements w-re e c.czLw the angie ot 'a.
soil stress wave front with the horizontal, define the seismic velocity of the stress wave,
and to measure the free-field deflections for comparison with the body motions of the arch.

2. k. Footing deflection measurements were primarily for definitg the body
motions of the structures. The scratch gages, however, were for determining the maximum
displacements of the intrados with respect to the floor and footings. The weldWig rods woer
simply a backup for the electronic measurements and were to supply information on maximum -
deflections even if the electronic measurements were lost. Velocity gages were used in lieu
of deflection gages on the footings, because of the inaccessibility of a flM±, reference point.
The velocities are integrated to obtain deflections. Arch deflection measurements were for
determining the predominant mode of vibration and the movement of the arch with respect to
the footings.

3. tralu. Strains measured around the arch were used to define the thrust and
moment distribution. In addition to permitting definition of stresses, these measurements
prove useful in a study of arching. Strains in the tie rod were used to measure the horizontal
thrust in the footings.

4. Acceeratlons. Accelerometers were Included primarily for getting some idea of the
shock input; however, these records also were tntegra•td for velocity and deflection. Such
integrations are nut always successful.

5. Surface Pressure. These gages were for defining the loading. All of the electronic
gages on the structure were employed in defining the natural periods of vibration of the system.

No electronic instruments were used with the 12-inch diameter models; however,
measurements of rotation and relative downward displacements were attempted usirg a
preclnlon level. The models were exhumed after the shot to observe their condition.

A more detailed description of the transducers and electronic instruments employed is
given in Appendix C. Further information on the instrumentation setup is given in the Test
Proc edures Section.

Test Procedures

IntrouctiLn. This section summarizes the procedure followed in completing prqumrstions
for the tests and the precautionary measures taken to assure adequate control in order to
achieve good results.
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Snuen..e of Events. After the locations of the pits were established, a trencher was
used to obtain vertical wfas along the back and sides. A backhoe was used to scoop out the
soil and to form the sloping from wall and the horizontal bottom, The pit was trimmed by hand
to t:he final dimensions (see Figur.s 6, 8, and 9).

Cable trenches, 4-feet deep, were du from tht b•nker to the pits. Tbirty-91% cablas
were laF• 'n these trenches plus two extra cablas to each instrumented location. The ertra
cables v e e included as a salety factor in case of cable failure and also to provide spar% for
adltlonal use such as the detonation circuit in tie covered vibration test. J-

Elevations for the grade line, plastic sheet, crown of the model, and bottom of the
footing were established with respect to a bench mark on the bunker. Four wooden stskes were
driven into the bottom of pft nit Iu!t•_sed t- the ade wal-l., and the eleration mark-ngs w4•re
established using a surveyor's level.

Since the sand-drop method was used for backfillixg the pits with dry sand, desities
corresponding to drop height and rate of flow had to be determined before any sand could be
placed. The density was determined with a test box using a drop height of 30 Inches and a rate
ol flow corresponding to a full-open valve. The drop height and rate of flow were carefully
maintaonftl during backfillig. Soo Appent B for a discussion of the mehod and a description
of the e uripmnat and test bBt.

Worit performed in the pits consisted of the following primary steps:

1. Back.llling to the footing elevation.

2. Leveln the sand at the footing elevation.

3. Conduefti. plate bearing tests to determine the foundation modkulus.

4. Preparln6 the models for placing.

5. Placing the nrodels.

6. ?•ackfilling from the bottom of footing elevation to the floor elevation (4 Jlare
30 inch-diamceer models only).

7. Setting scratch gages and completing model assembly.

8. Continuing backfUli•g to plastic sheet elevation.

9. Placing plastic sheet.

10. Completing bacdfilling.

11. Measuring the change in crown heght with respeOt to the footing height (chaOge In
roundness), using the leveling rods attached to each model, and resetting the rods.

The secondary, uU,-e detalled, procedural steps varied with the size of the models and
also the amount and type of Instrumentation on the models. The following detailed procedure
was used for Model CA-2, the arch with the most instruments. After the pit was backfllled to
the footing elevation to provide a sand layer of controlled density beneath the arch, the soil was
leveled to insure good uniform contact between sand and footing, and four plate bearing tests
were conducted to determine the foundation modulus. Figure 9 shows the vertical wooden
elevation markers, the horizontal steel rods for leveling the soil surfac,, and the plate
bearbn testing device with Its frame, dial gage, and %welght:. The ends of the leveling rods
were attached to short vertical angles. A hammer and carpeuter's level were used to tap the L
angles into position and to check the level. Low spots on the sand surface were filled by the
sand-drop method, and a special screeder was used to cut away the high spots. san was
never pushed with the screeder; instead, It was lifted to Insure undisturbed dasatty control.

13



Figure 8. Bacidilling equipment.
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Figre 9. Device for plate bearing tests and setup for trimming swid.

Next, the arch was prepared for placement. The Instrumeats were Installed aW
calibrated, the intial out-of-roundness of the arch was recorded, and the elev4loa rods were

set level. All recording instruments were checked for correct sign and direction of trace

deflection.. A serie* of static loadr and impact loads were then applied to recheck the

direction nnd relative magnitudes of the trace deflectiona and to determine the utnburted

natural period of the arch. Nart, the arch was placed In the pit with the cables diconneeted

for ease of handling. Backfilling from the footing elevation to the floor elevation was done by

hand; then the floor was placed. The scratch gages were set, the cables connected, the

instruments checked, a no-load measurement taken, the cannon plugs waterproofed, and the

and walls assembled. Eventually, the model was backfilled and a layer of plastic was placed

2 inches below grade as was done with all the models. Last, the effects of the overburden

were measured using the electronic instruments and the vertical rods. The rods were

adjusted to protrude 2 inches above grade.
Subsequently, a natural period test wu" performed on the covered arch. The first

nonextersioral symmetrical mode period was melted by exploding a small charge over arch

CA-2. The charge consisted of two 2-gram tetro pellets ttped to a blasting cap. A hemi-

spherical mud cap wuS placed over the upper portion of the charge to direct the shock

downward. The assembly was suspended from the apat of a tripod about 10 inches abot ý the

soll surface and directly over the center of the arch.
To complete the test, a blasting cap connected to an iniUation circuit was detonated vwhile

output from the various transducers was recorded on the oscillographic e"qupment. Daring this

time, a. .at.....atio.a wore .rem.ed b. y a actor of five over the corresponding semiugs for

the trial.1

is



A poMtbirial, preshot survey was made to measure the elevatio• of each model
(a~ccuracy * 4. 003 ft) with respec-t to the bench mark on the bunker and the bench mark in the
Canadian Sector of the blast range. The elevation of the center rod of each arch was recorded
and the rods on each side then were adjusted to the level of the center rod. These measure-
mets were repeated after the blast as backup measurements to determine the permanent
translational and rotational body motions. A velocity gage was mounted on the bunker near the
bench mark to measure the movement of the bench mark.

Finally. the models were subjected to the 500. !on high eiploslve shot, a postshot survey
was taken, and the models were recovered.

Backflil!M and Soil Control. Since the arch respon-e theory (Appendix A) cortains
several soll parameters to which the muzimum deflectians are sensitive, it was necessary to
maintain close control over the soil parameters In the experiment. For that reason, special
sand was procure' from Kimitt Concrete Limited, Medicine Hat, Alberta. Sand with
satisfactory gradation was delivered to the blast range at less than l-percent moisture content
and was stored under a plastic sheet to prevent contamination.

Tests were performed !o determine the basic properties of the material as subsequently
described. These included a special test for density employing a segmented box and plate
bearing tests for determining the foundation modulus.

The device shown in Figure 8 was used to backfill all of the pits. It was lifted and
posttioned by a truck-type crane. The device consistea of a steel frame, three steel barrels,
three flexible hoses, and three inverted funnels containing sieves. The sand containers were
the steel barrels, open at the top, with orifices and valves at the bottom. The barrels could
be used Individually, two at a time, or all three simultaneously by placing them in the steel
frame. Cables were provided for lifting a barrel sinly or for lifting the frame with its
3-barrel load. A flexible hose, 3 feet long, was attac.ved over the orifice on the bottom of each
barrel by a fire hose coupling. At the lower end of each hose, there was an inverted sheet
metal funnel contaiAng three sieves.

A five-man crew was used during most of the backlilltag operation: crane operator,
frame rider to nperate valves, and three hose handlers to direct the flow of sand. The
following procedure was used:

1. The sand was hand shoveled into the barrels with the valves closed. If three
barrvis were being used, they were mounted on the frame.

2. The crane was used Eo move the device to a position beside the pit.

3. The rider mounted the frame.

4. The device was lifted about 5 feet.

5. The flexible hoses were attached.

6. The device wan positioned over the pit to achieve a drop height of 30 inches. The
drop height was measured from the lowermost point on the inverted funnel to the
backfill surface.

7. The ride opened the valves and the hose handlers slowly moved the hose and funnels
to and f, o to direct the flow of sand.

8. The sand flowed from the barrels through the hoses and sieves, out of the inverse
funnels, and dropped 30 inches.

9. The sand was built up evenly - the surface kept as level as possible.

10. The drop height was corrected periodically as the sand surface level raised in
the pit.
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11. The rider regulated the flow with the valves and then closed the valves at the __

conclusion of the operation

12. The device was moved away fronm the pit.

13. The flexible hoses were disconnected.

14. The device v as lowered.

15. The rider isamounted.

16. The device was returned to the sandpile for loading.

After the pits were tbcifUled. they were covered with y roofs and =1 -1 stl t- L
prevent water and dust cortamniation.

Subsequent checkout of the instrumentation readied the project for the shot. I
RESULTS AND DISCUSSIONS

General Observations

Data obtained during the Project 3.4 experiment was, in general, qtite good. It showed
that the characteristics of the response of the four large arches were about as expected,
although the magnitudes of the various measurements were larger than predicted. The larger
models withstood the overpressure, however moderate damage was inflicted on two of them by
large, hard clods of clay in the eject&. These unanticipated clay bombs did not obscure
achievement of the prime objectives of the experiment.

The ejecta from the shot deposited a layer of material of varying thickness over the
arches which averaged from about 6 Inches at the arches furthest from ground zero to about
12 inches at the closest arches. Fortunately, steel rods which projected several inches above
the surface were located in the corner of each pit prior to the shot. These rods were relatively
easy to find and gretly facilitated poetshot recovery of the structures. Immediately after the
postshot survey, the structures were exhumed and carefully examined for damage. At this
time, the scratch boards and transducers were removed.

Deleterious effects of the ejects precluded accomplishment of the tertiary objectives of
learning something of the influence of footing width and depth of cover. This Information was
to be obtained from preshot and postshot measurements on the eight small arches.
Unfortunately, most of these arches were smashed by the impact of the large clods. The
postshot condition of the archer, as observed after befg exhumed, is listed in Table M.
Postshot views of arches CA-10 and CA-2, illustratinr typical damage, are shown in
Figures 10 and 11. Ironically, the arch which had the least damage was CA-12, the one closest
to ground zero and subjected to the highest overpressure. Examination of the surface showed
that no large clods fell immediately above this structure.

As indicated in Table MU, the large arches were nLt grossly damaged. From the nature
of the dentz in the arches, there is no doubt they were due to the ejecta. The multiple pounding
by the large clods is clearly observable on the oscillograms starting at about 7 *econds from
detonation zero. This pounding left some of the scratch gage records coWplly scribbled,
although the complete motion is clearly defined on many of the scratch boards.

Direct man ttary loss from the destruction ut the smaller models was sall dBoce they
were cheap to build, Inxpensive to install, and involved no costly Ieetrumeatka. The loss
of time was more serious; it may be several years beore another shot or a suitable imulator
is available for duplicating these tests.

Fortunately, all electronic equipment performed well during the trial mad records were
obtained for all transducers as shown in the oscillograms, ftiures D- I through D- 13 of
Appendix D. All transducers functioned properly ecqpt the velocity gage an the banker and two
of the surface pressure gage.. Backup sedf-reording pressure Sages provided the needed data;
consequently, rv~lfunction of the two electronic pressure gages did not result in loss of rerqured
data. Time of arrival of the surface pressure wave and duration of this wave were obtaimWble
from the pressure records. All other electronic instrumentation functioned properly.
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Figure 10. Postshot view of arch CA- 10.

Figwe 11. poetshot viow of arch CA- 2.
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Table Mii. Postshot C, dition of Arches

ArchNn. P"WMA. C k"W¢i10"¢

CA-I The right end (facing the arch from the blast side) was dished downward
2- l.2 inches; the left end was dis~hed downward 5/8 inches, the center of

the crown was resting on the plastic scratch boards, and the plastic had
ioshod down "he floor.

CA-2 The right end (facing tha arch from the blat side) was dished In f,-jg the
back (lee) side about 4 inches, This damage extended about 10 Inches
from the eod tA the arch. Ctherwize. the model was Wn gaxnd -wedilow.

CA-3 Good condltion; permanent displacement of the crown at the ends was
5/16an / nt

CA-4 Both ends were dished downward; the leeward and was worse than the
blastward end; the center of the arch contacted the plastic scratch boards
but did not break them.

CA-5 Fairly good condition; crimped slightly in on the blastward side and out
on the leeward side near the spring line.

CA-6 One end! was in good condition, the other end buckled completely with the

end down around the pipe.

CA 7 Flattened.

CA-B Flattened.

CA-9 Both ends were bent down; the center was held up by the plastic scratch
boards.

CA-10 One end was buckled down, the center was resting on the plastic scratch
boards, and the other end was in good condition.

CA-1I The leeward side of one end was caved in; the remainder of the arch was
in good condition.

CA-I2 Good condition: evidence showed that the crown at the center of the arch
had struck the plastic scratch boarlA; the scratch boards were broken.

The records yielded a surprising amount of data including Information on ground motion
and ejects. Though not necessarily intended as such, the arches were good ground motion
and ejecta sensors. For example, the records clearly show the arrival of a secondary
ground wave 200 milliseconds after the arrival of the air biasV at the 425-foot distance from
ground zero. This wave also was fovund on the Project 3. 6 records of the Waterways
Experiment Station. Later in time on the NCEL records, about 7 seconds after arrival of
the blast, the large chunks of eject& impacted on the surface above the buried arches and
produced considerable excitation of the various gages. Some of thee missiles were quite
massive ald, judging from the time from blast to Impact, must have been thrown to heigits
pwards of 200 fek,.

As a word of caution, it should not be assumed that the behavior of the small arches is
representative of what would happen to a prototype at the same overpreesure under a nuclear
loading. In so tending the results, modeling effects must be taken into cmalderation.
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In this regard, ona inescapable dedction from the records Is that high-explosive tests
are a poor substitte for a large nuclear detonation in conductin soil-sxtructure interaction
aeperiments. Even with the small models employed, the overpr essure had decayed to less
than one-half of its peak value prior to occurrence of the peak eaflection of the arch. A
long-d&watksa loading woul vastly simplify the comparison of the data with theory and the
formation of valid Judgments regarding the real problem - concern, namely, providing
shelters capable of resisting nuclear weapons effects.

Uncovered lNturl Period Tests

When exwcted, an arch tends to vibrate in the modes indicated In Table IV. Records from
tests of striking or pushing and relasing arch CA-2 gave the periods indicated in Table V.
Also included are theoretical values of the periods as determined from the equation

i =:r

in which Cn eqials a constant corresponding to the variaos mode shapes as follows:

C1 (etensional mode) = 13.7

C 2 (first symmetrical incxtenaional mode) = 8. 1

C3 (first artisymmetrical tnextensionai mode) 2.2

and w n = natural frequency of mode n (eyeles/second)

T = natural period of vibration of mode n (seconds/cycle)

r = arch radius (in.)

L: - flexural stiffness of arch (lb-i.2)

y = mass per unit of arc length (lb-sec/in 2)

As may be seem in Table V, the experlmental values of the period were reasonably close to the

computed values in both cases.

Effects of Overburden

Initially, a!l of the arches were out-of- round to some degree; in most cases, the radius
at the crown was less than the design radius. Initial ott-of-roundness of arches CA- 1, CA-2,
and CA-3 18 shown In FIgure 12, When the overburden was placed, the crowns of elieven of
the twelve arches moved upward, thus improving the roundness of the arches. The maxitrum
rise of the crown on any of the arches was 3/32 inch (for arch CA-I, this upward deflection
was 0. 02 Inch).

Moments and thruiwts introduced on tackfilling were negligibly small.

Covared Natuml Period

Detoation of the small charge over arch CA-S induced vibration with a fundamental
period of 19.8 mniliseconds. This is appreclab~y less than the 45-millisecond uncovered period
(Table V) which indicates that the Stiffening effect of the soil has much more Influenca on the
natural period than the added maw of soil over the structure. This behavior has been observed
in otiher atperimm-s 3 and has beet explained bir a theoretical studyv 7



Table TV. DeL~ectlon Modes of an Arch

11. lnxt~nsional Modes

2. 2ndsymninvtrica
(bending- ofeson

S. Antisymnvetrical

. st ontisymmoifricai
(lateral bending modem,
flexural nmod, deflection

mode)

2. 2nd OfltisyfInfltrical

Table V. tNtwIi', Period@ of Uacovered Arch CA-2

Natural Period of Unmeoverd Arch
(mnew/cycle)

Copue IZZ'Z r____ '

T (mtnsiomU rnd*) 2.5_
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;nMIl sihape

45/4

arch CA-1

' 7/16"
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InhlIal shape 1/16"35.*

arch CA-3

Fintlre 12. In1t/16 out-of-roundneus of the arche..
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Blast ILoadfingz

Measured peak pressures -ere almost aexatly the same as those predicted (st2 Table VI).
Poeitive pha dur'ttams b-, con-ast were 40 ppereezt lower than predic-ted- Tha pressure
data, for the most part, was taken from the Ballistics Research Laboratory (BRL) self-
recording pressure gage. At the location af model CA- 1, the positive-phase duratIon measured
by the Wianeko pressure gage was used because the BRL self-recording gage at this location
failed part way through the loading history. Arrival times at all locations wore determined
from the Wiancko gages. The peak pressures from the Wianeko Maes were not used because
of failure of two of them to respond to the initisl pressure spike; apparently dust was entrapped
In the orlfict holes of these gages. Blast-line data was used to confirm the pressure-time
Information. The shape of the pressure pulse differed markedly from the theoretical
(P'riedlander) exponential decay corresponding to the measured peak pressures and durations
in that the impulse and, thus, the effective triangular load, was much smaller. This
characteristic Is apparent in the pressure-time plots of Pigures 13 through 15.

Arh ehavcior. The motions of the ~structures were greater thaen predicted. Relative deflection.

of various points around the perimeter of arch CA-2 St 10, 20, 3J, and 43 millisecorids are
indicated in Figure 16 together with the residuial deflections at 2 seconds. As may be seen, the
first antlsvmmetrical mode deformations were small %s compared to the first symmetrical
mode deformations. Although the curve-i are b L.ed upon only three ilectronic measurements,
the shape is known to be correct. The shape was determined from the Moment diagram and
from the scratch gage records. It should be kept In mind that the deflectic~nu indicated in
Figure 16 were relative to the footlngi of the structure.

Desflection versus time data for the three gaged points on the pertmeter of the structure
are shown in Figure 17. The peak deflection at the sides occurred at the time equal to the
buried natural period of the structure. Peak deflection at the crown occurred at 26 milliseconds,
a time slightly longer than the 19. 8 millisecond period. The maximum deflection, of the crown
with respect to the footing for arch CA -2 was 1. 2 Inches or about 10 percent of the radius.
Significantly, the residual deflection at the crown was less than 1/10 Inch.

Considerable bnsight Into the deflection behavior of the archeg Is dertwable from the
scratch board traces, Figures D- 14 through D- 21 of Appendix D. 'in Interpreting these records,
It should be pointed out that the plastic scratch boards sheatred off at the nost footing of arch
CA-4 and at the blastward footing of arch CA-i. These falures probably were caused by the
crown striking th; plastic sheet on its downward excursion. The scratch gage traces were used
primarily for checking the deflection* determined bv other meama.



Table VI. Blast Load Parameters

I Peak Overpresseure J Load DurationLArch Ibng. Ueasured oy (pofJ (mseec)
0 Predicted Maxmume Effective* Actual Effective*S~Value'

CA- 1 365 Measured 96.7 83 149** 30 11,211
Predicted 85 - 82 j " -

CA-2 425 Measured 63.1 60 124 39 1,148
4 Predicted 60 97 - "

CA-3 428 Prdce Measured 4550.0 45 I1341 45 11005--
C SIPredicted 45 - 118 -

*Effective peak overpressure and effective load duration are those values obtained by

using an equivalent triangular decaying load, with equal impulse, when the impulse
is taken to the time of maximum footing deflection.

**This measurement was taken from Wianeko pressure gage; all other durations are
from BRL self-recording gages.

Table VII. Strains in Arch CA-2

Strain Gage Strain (pin./in.) Timeto

Position At At Peak Strain Time to
_____Peak Strain

Number Inside or 10 msec 20 msec 30 msec 43 msec (maec)
De~ree iOutside

SGI 7 Outside +390 +425 +305 +245 +445 21
SG2 7 Inside -640 -690 -480 -360 -705 21
SG3 20 Outside ,-230 +315 +375 +360 +380 31
SG4 20 Inside -560 -475 -455 -435 -585 7
S05 40 Outside +45 +575 +715 +660 *720 31
SG6 40 Inside -365 -790 -820 -775 -830 26
SG7 90 Outside -345 +1,740 +820 +670 +1,890 16
SG8 90 Inside +60 +1,540 +1,150 +1,230 +1,540 21
SG9 105 Outside -465 -1,080 -1,270 -1,190 -1,290 25
SGI0 105 Inside +215 +1,610 +1,590 41,460 +1,630 28
SG11 130 Outside 0 +805 +890 +815 +930 28
SG12 130 Inside -215 -890 -940 -820 -1,000 26
SG313 155 Outside +225 +645 +780 +790 +815 36
SG14 165 Inside -695 -875 -970 -825 -1,000 23
qG15 173 Outside +230 *520 +565 +465 +665 21
3(I6 173 Inside -615 -775 -785 -605 -1,380 9
SGI7 --- Brace +55 -325 -265 -155 -395 19
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Figure 10. Deflection diagram, arch CA- 2.

Moinwit 4Ad ThrUst. Mioments and ttrusts were dstermbwAe from~ the strains given In
Table VU. Strain data In general was good, althomgh there was sore extraneous strain near
the crown Imparted by the rotation of the vertical rod employed for determining dei~ectioos
with the preshot and postahot survey measurements. The rod Introduced a momnt" which
infiuaned the strains within a region of *15 degrees of the crown. As a consequence, it was
necessary to t -aerse considerable Judgment in Interpreting the strain data 5or determinations
ol the thrusts and the moments at the crown. Up to 10 millIseconds In time, there was little
adverase Influence of the vertical rod at the crown. At this and laer times, effects of the
vertical rod were evident, although the xmomet was predominantly that corresponding to the
ftrat Inextene tonal symmestrical mode of deftrmatlon.

A second Influence which should be considered In interpreting the data to the accuracy of
the moments and thrusts, depending upon whether they were determined from a sum or
difference of the strain data. In cases where the magnitudes of the strains are larga and the
thrust or moment depends on the difference of the strain data, m~uch of the accuracy Is lost.

Spazial distribution of momeItsin arch CA, 2, at various times, Is given In Figures 18
through 22. Mo ant dilstribuztion differed from that in thinner arches previously tested in the
blast simulator. In the tatter arches, the moment distribuztion was much more Irregular
and exhibited a large moment about 5 degrees from the spring lins.ý. No such behavior was
discernible to the Project 3.4 structures.

Miomems on the leeward side ot arch CA-2 were about 30 percent larger than those on
the blastuard side at all times. Typical moment-time curves at various points on the
perimeter are shown In Ftur* 23. From this it may be seen that maximum moment at
different points occurred at different times. Moment variation was much more irregular than
variation in the thrust.
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Figure 17. Deflection v'eraw Ume, arch CA-2.
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Figure 18. Moment diagram at 10 mlllaseccmda, arch CA-2.
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Figure 19. Moment dap-gam at 20 milliseconds, arch CA-2.
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Figure 22. Resiu~&al moment diagram att 2 seconds, arch CA -2.
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Siatia{l d-stribut{on of the thrust around the pertmoter of the arch was fairly uniform at
all times, as may h seer. from the plot* of Figures through 28. At all statios and atall
times, the thrust was appreciably less than the product of the surface presesue times the
radjusi the th-rust uWvdr liydroaittc load e~kadkkaow. Variation of the thrtt With time, bt
various stations aroun- the arch, may be seen in Figut e 29. At the 20- and 40-dqeree
stations, the peak thrust was reached in about 10 milliseconds; at the '7-dogree statiom4 the
peak thrust was reached at appr(wimately 17 milliseconds. Residual thrusts were essentlafly
zere. at all stations.

,.othng Behavior

I . Absolute displacement oi the footings was obtained from integraUm of the
velocity traces. Deflection versus time curves from these daft are presented In F•gures 30

Peak tooting den ections In all cases occurred between 42 and 48 wil ond;s maximum
values are given in Table V. It shLd be noted that, at the tUwe of amximnm nixii

•dentc% t* aurfe* ptreture had decayed to abou O*ne-tenth of peak value; thus, the
deflections were much smaller than wouId have been induced by a megaton nuclear weapon.
Absolute displacements of the two points for which measurements were made in the free field
also are given In Table VXIX. The peak absolute displacement of the free field at the elevation
of the footings was 0.682 inch. The relative displacement of the hxftq of arch CA-2, with
respect to a point in the free field at the same elevation, was 0. P1 Inch.

A check on the reasonableness of the deflections from the velocity gage Is obtainale
from the scratch gages; the scratch gage traces are given An Appendix D. Scratch traces
nearest the loodnp showed a mati mun "splacemet of the tooting with respect to the floor of
1. 00 inch. Motion of the Door, as determined from the corrected doube integration of the
floor accel ration, was 0. 6 inch. The sum of these quantities Is 1. 62 nches, anmost exactly
the same deflection obtained from integration of the velocity trace.

1300 •• or -540 10m./n

Thnno (Ih~n.)

Figure 24. Thrust diagram at 10 miUlsecoods, arch CA-2.IAI
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Rotatioi of arch CA-I was ne)glgble; however, arch CA-i rotated away from ground
zero 1*11'. Even lamger rotations were noited In arch CA-4 culits recovery. T1he bbatwaru
end wall of arch CA-4 waa aboiut 4 Inches higher than the leeward end wail. This rotation mustj have bowt caused by the ground nxotfo.
YeLocfty gage on the bunker to fixwtion properly. The first order survey data wa2 of no value,

probWaby becaase of the error resulting from the long distaute that the levels had to be brought
In from the berch mark.
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Figure 20. Thrst eiremo time for psitians around arch CA-i.
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Figure 33. Deflection of the leeward footing, arch CA-2.
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F~gue 34. 1Dellct~on of the blastward footing, arch CA-3.
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Figure 35. Deflection of the lteeard fo~otftW, arch CA-3.
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Veloct md Accelqration. Varlatiou of velocity with time for arches CA-i, CA-2, and
CA-3, are sbown In FigurNs 36 through 41. 1 may be moted that the peak values of velocity
w.acurred bet--' 12., ad 14 millhs"onds. MWet of the veiocity traces exhibit a minor peak

primr to the occurrence of maximum value. Peak values of displacement, velocity, %d
acceleration are given in Table VIII. Velocities obtained from integration of the accelerometer
triwi are conUsiuibly below the velocity obained from the Stanford Research Insti-te (SR4
gages. Apparently, there was some baseline shift in the accelerometer traces as often happens
ftn sach wssuresm ts.

The swelerafton trftee exhibited high frequency perturbtlonm which had to be
imcbalcaily filtered out before the data became meanlgf. These perturbations were poorly

defined In the first 8 milliseconds of response. To achieve suitable filtering, a curve was
pkftmd tha'~b po!WA midway between th* peaks a the parturbai- on. FIa-e• 402 and 4 are
the result" curves. Peak values of acceleration ýu Table Vill were obtained from the filtered
curoe. Peek valuse of velocity and deflection, by contrast, are the actual maximum values
from the oscillogram traces.

Free- Field Motion

Messurements from velocity gages V2-4 and V2-3, in the free field adjacent to the
structure, sbow that the peak absolute dlsplacements at 6 inches and 21 inches from the surface
were 1.0. inchas and 0.68 inch, respectively. Absolute displacement of the floor of the
stracture was 0.00 Inch, almost the same as the displacement of the free field at the same
el evation..

Peak velocities at the 6-inch and 21-inch depths were 44 and 24 inches per second,
respectively.
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Figure 36. Velocity of the blatward footing, arch CA- 1.
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Figure 39. Velocity of the leeward footing, arch CA- 2.
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Figure 40. Velocity of the biastward footing, arch CA-3.
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Figure 41. Velocity of the leeward footing, arch CA-3.

+61,000 - _ _ _ _ _ _ _ _- -+ 4,000

ci 1

I _ - -- - - -- - - - --.-.-

+2,000 t
thitoomewia- (k 2 110)

0

-2,0007iCt

-4,000 -

hoo t~cl (, 10) j
0 5 0 15 20 25 ,0 3 40 45 0

Tim* (mwec)

Figure 42. Acceleration of thv blastward footliw, arch CA-2.
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Pigure 43. Acceleration of the leeward footing, arch CA-2.

Tie Rod and Floor Behavior

During the first 12 milliseconds, the tie rod, Figure 7, was in tension. Thereafter, it
developed a very large compression which reached a maximum value of about 4,000 pounds at
23 mUllseconds. The average horizontal thrust on the footings reched a maximum of
280 pounds per inch of length. The horizotal force was larger than expected which emphasizes
the need for a bracing system to provide lateral stquport and prevent rotation of the footings.
Failure to lnclude such a support is believed to be primarily responsible for the footing failures
of the Project 3.6 arches In Operation Hardtack. 8 The horizontal thrust also may have been
partly rempmonble ft r the floor failure in the Operation Plumbbob 3.3 arches. I In the latter
Instance, the footing was probably pushed aganlst the slab and, as a consequence, the edge of
the floor was forced downward witb the footing causing a break in the floor approximately
2 feet in from the spring line.

Mover, ent of the floor was determined from double integration of an acceleration trace.
A maximum absolute deflection of 0. 62 inch occurred at 40 milles conds. This data indicates
tbat the deflection of the floor was small compared to the translationml deflection of the
stricture.

Soil Arc hin

The term "arching" Is used here to mean the total shear on a vertical plane through the
footings. This force, as a percentage of the surface load is plotted versus time in Figure 44.
R was determined from a vertical equilibrium of the forces on the tree body, shown in the
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dlagra~m of Figure 44, by using the meo~ured thrust as the fuoting reaction and an inertial
force, based upon the mass of the structure and the moll over the structure, times the
-U;-e**V&tift kA the hnt~ngs,

The shape of the arching curve of Figure 44 is som.iewhat diflerent from that drtortuxwd
from testa in ttj' blast #Ltmdator. 3 The results shown in Figure 44 indicate that at early timens
most Ut the lost-' 'a trwamsi~tted through the soil around the arch.

The sequence of events influencing the behavior of arch CA -2 was:

I.The surface overpressure reached a peak value in abbout 1 miillisecond and gradhailiy

decayed to ziaro in 124 nAxlliseconaf.

2. The maximum thrust was reached in about 10 m ilseconft am- the maximu- moment*
reac ihed in about 25 adlitlseconds.

3. The peak deflection of the crown was reached in about 26 milliseconds.

4. Maximum deflection of the footings was reached In an average time of
46.2 mntlisecond*.

Body motion was by Mar the most signifiant mode of response, although first symmetrical
mode respoaise was also sizabie. Some antlaymmotrlcai mode behavior was evident, but It was
smaller tbian scpsected.

Computer Analysis

Comper rogam.A Fortran computer program mas written usIrM the theory given in
Apeci .- h betv of the program u.as to obtain dafta for comparison with the
experimental results. The program was designed to receive the dombant parasneters;
corresponding to any equiv'alent-triang'ul5.r load, any senicircular arch orliented "Side-on" to
the load, and any soil. With this input, footing defiectlioas, velocities, and accelerations can
be computed, accounting for rotational and trazmlational body motions.

CoMWj'er twiut. Inpui to the computer program Is shown In Table DE. 17e three types
of data used an inpiut represent dimensions of the structure,, characterlstics of the load, and
propertes of the xoil.

Dimensions of the inodel were estkblislhed In th', deosig of the experiment. Footing
dlimensione, depth of burial, and arch radius were on*- en~th scale of a Navy standiard personnel
shelter. The silkiness and the wass of the arch were greater than the scaled pantitis to

insure 4aganst failure of the shell. M*ss was obtained by weighing the models, Including the

since these are a eparate asoeuibeis not directly~ attached to the arch.
Peak L~ve..'ressure was measured at the so'rface od the grousd at each model location

using HRL self-recording pressure ~ags. Effective duratkir, was obtained by calculating the
impulse (area under the overprossure- time curve) from tero time to the time of maximumn
deflection, and from this, conistructing an equivalent triaigular loading.

Velocity of the blast front was estimated using the formula

where C. I , !1? tpe Ix~ taken as the amnbient sound reloetty aboad t o the blast, and pen'I the
peak side-on overpressure. It Is recognized tha C. varies with stmoqpheic conditions
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Th3•le V' Cuurntcr Itp•mt

I . -- ---- '--------------

Type I
Type !ynmbol Deftition Measured Predicted U t ArchDaaValues Vlum- unt Arc

do Depth of cover at erown 6. 00 6.00 In. All

r Radius ofthe arch 15.0 15,0 in. All

b Width of the fotoW:-" L.24 1.25 in. All

H Heighi of the footings 1.88 1.875 In. All

m Mata of th'e arch and 0, 745 0.46 slug/ft CA- I

Mass of ihe arch and 0,760 0.46 slug/ft CA-3

m Mass of thi arhch and 0.737 0.46 slug/ft CA-3

PO 1 ffecWtive peak nverpressure 83 85 pot CA- I

PC Efetive pek uoverpressure 60 60 psi CA-2

1o Effective ptak o prprlessure 45 45 psi CA-3

itd dftve duration 3 0 82 mec CA- 1

td Effective duratior9 99 mec CA. 2

-I iff••iave ceduration 45 118 muse CA.3

I Ve'deocir oi blast front 2, 700 2, 700 ftp CA- I

eU iVoc.y o! blast front 2, 400 2,400 fps CA-2

U sVeloity of bNAt frfjnt 2, 100 2, 200 t$ CA- 3

Density of wck(Ill soil l11 liI 0ef All

Sk CIoefflet of subgrade 110 300 pst/In. All
r,,•ctiol? andi • 210

0 AjWlP ol Internai. friction 342 5 35 dere All

1 0 0 •noe All

. Coetlfce. of lateral 0.32 0.32 Mne All
!,• i ;oarth pr'essure

V city of shmk front I, 1.300 fps A



Denasty of the sol was determiaed at the test site, using a segmented box and the sand
drop miethod described in Appendix B.A- Ti' most dense sgmernw was 111.5 pet and the least
dense segment was 109.7 pc - The average density of sitx segments wu 11. 8 pci.

The coefficient of subgrade reaction in Table IX is the ratio of the average pressure on
f the botdo of the footing to the vertical displacement of the ktoting. The mnodultu as a function

of time w" obtaned wth a plot of thrust, from utrain measurements at the 7- and 173-dogree
postomns on the arch, versus vcrtical deflection of the footiap obtained from Integrati-n of
the velocity metsurements. A plot showing the variation of the coefficient with time IsLaiven

in Figure 45. It may be noted from this figure that there ts no great variation in the modulus
during the period from 10 to 30 milliseconds when most of the deflection of the footings occurs.
This would lead one to believe that use of a constant value for the modulus in the theory is
Jw;tifled. In selecting a reasonable coefficient of subgrade reaction, the mean value occurring
during the period from 10 to 35 mL lseconds, when most of the deflection takes piace, might
be used. The coefficient is obtainable from the load-dellection curve of the footing, Figure 46.
Sutgrade reaction pressure ts found by dividing the thrust at the spring line per unit of length
by the area of the footing per unit of length. Both absolute and relative deflections are plotted
as determined from the velocity gage measurements. It is Interesting to note the difference of
the chqracter of this curve as compared with typical load-deflection curves from plate bearing
tesets- Initially, the foundation is very stiff; then. at abcut 350 psi/in., It appears that
punching commences and the reaction pressure drops off rapidly. The subgrade reaction,
Figure 48, Increases again at the same time the acceleration, Figure 43, goes negative and
rises until punching corresponding to the lower surface surcharge pressure (at 20 milliseconds)
develops.

Both the absolute and relative deflections are plotted in Figure 46 versus the subgrade
reaction to show bow much stiffer the coefficient Lased on the relative deflection is than the
corresponding value based on the absolute deflection. Secant modull (coefficients), based on the
absolute deflection curves and accounting for the inertia of the soil moving with the footing,
are plotted in Figure 45. The inertial component, based on a soil mass with a diameter four
times the footing width, is small. From Figure 45, the mean value of the coefficient of
subgrade reaction, during the period from 10 to 35 milliseconds when most of the det2ection
takes place, is about 210 psi/in, This is the value used in the computer program. Computed
results are also generated for a modulus of 110 psi/in.

The angle of internal f•rction of the soil was determined as described in Appendix B.
Cohesion was taken as zero, because of the dry condition of the %and. The estimated coefficient
of lateral earth pressure was based on triaxial tests of a similar material. Stress wave
velocity in the soil was determined by using the time uf arrival at the free field velocity gages
and the known distance between them.

o9.m4der Outps. The computer output, composed of footing deflections, velocities, and
accelerations, is plotted with n~esured data in Figures 30 through 43. C'nrves labeled
"theoretical" were obtained from the computer, using measured input, curves labeled "predicted"
were obtained before the test from the computer, using estimated input data. A set of curves
showing the Interrelation of the dominant parameters is given in Figure 4'

Theoretical versus Experimental Results

Using the constants determined aa previously Indicated, the computer program was run
to obtain theoretical data for comparison with tne experimental results. Theoretical and
experimental data are given in Table VTII and In Figures 30 through 43, For a coffilcient of
sutgrade reaction of 210 psi/in., the expernnental values are larger than those determined by
the theory. Use of a coefficient of subgrade reaction of 110 psI/in. gives computed data that
agrees well with th'i experimental :-esults. The iatter data is also included in Table VIII and in
Figures 30 through 43.

"-he vaiue of 110 pst/in. is the coefficient from Figure 45 at a time equal to 67 percent
ot trne time to antatnuwm dtspuzeewent. ft is the lowest value tmat could possibly be justifled.
E:xcep, for the first few nlli•econds, the coefficient of subgrade reaction is considerably less
than the initial tangent modulus of 300 pet/in. determined from the static plate bearing tests.
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Figure 46. Subgrade reaction versus deflection,

Agreement between response and the theory was best for arch CA-3, the arch furthest
from ground zero, and was progressively worse for the closer arches. Arch CA- 1, the
closest of the large arches, r'tated considerably, although this rotation was not predicted by
the theory.

From the 3-Inch plate bearing tests described in Appendix B, the coefficient of subgrade
reaction was fou-nd to be 300 psi./in. The corresponding coefficient for the 1. 24-inch-wide
footing vould be expected to be greater than 300 psi/in, because of the narrower width and the
fact that the arch footing is subjected to a surcharge pressure. As previously stated, however,
the effective coefficient of suograde reaction from Figure 45 Is only 210 psi/in. The reason
is that the latter value Is based upon absolute rather than relative displacements.

To explain further, consider a semi-infinite soil field alone. Application of a surface
overpressue will cause di '(-rmation much the same as described in Reference 9. This action
may be thought of as a load on a gta'it spring, although probably a nonlinear one. Relative
burieO uch footing deflections, in effect, are superimposed on the motion of the free field.
Thus, the effective coefficient for defining absolute body motion should be the equivalent
coefficient of a series spring system, As is well known, the equivalent spring constant of two
springs in series is the product of the spring constants divided by their sum. The resulting
equivalent sprinr constant is less than either component which accounts for the low effective
coefficient of subgrade reaction obtained from Figure 45. It ts important in designing a footing
for a buried structure that a coefficient of subgrade reaction (or the equivalent load-deflection
i elation) baried upon absolute deflect ions is used, instead of one based on relative deflections
if ibsolute deflections are of dominant concern.
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Ekamination of the theory in the context of the experimental results and other recently
gaired knowledge indicates that the theory as formulated could be improved in two respects:
(1) the coefficient of subgrade reaction should not be taken as a constant; the true load- deflect ic
relation should be used, and (2) the arching term should be a function _! deflection.

The dymanio or static load-deflection relation of U bearing plate or footing on noncohestvo
so-can be raresen'td analytically by azu aponartlal equation of the fotm

p Cy a

~e p anitlead om t.he p-' U #r footi

y deflection of plate

C constant

a exponent, a constant

For soils with cohesion, the corresponding relation would be of the form

C IYl

•Ym

where Ym = maximum plate deflection

C1 = constant

A recent theoretical study of the classical trapdoor problem has shown thai arching is a
function of deflection. 4 By treating the soil as an elastic material, it was found that the
percentage of the surface load carried by arching might be expressed as a function of
b/h, and x = pk/yE, where 2b is the width of the trapdoor, h is the depth of soil cover over the
door. p is the uniform surface pressure, d is the deflection of the trapdoor, and E is the
modulus of the soil. Results from the theory show that Poisson's ratio has a negligible effect
on the arching.

Although the theory war developed for the trapdoor, it is applicable to the buried arch
since the arch may be treated as a curved trapdoor insofar as arching is concerned. Empirical
fits of the plots from the cited arching theory4 may be written in the form

V1 -bI -c 'x
- = a x (5)
pr I

where V I arching shear

r = arch radius

a)? bllcC - constants depending on b/h

The other terms in Equation 5 are as previously defined.



Incorporating nearly exact relations for the load-deflection characteristic of the soil and
for arching should bring the theory In conformance with experimental behavior. Whether or not
It would be worthwhile adding these terms, with the attendant complication, is argumentive in
view of the wide variation in soil properties erpected at a given wnstallation in the field. For
the present at le t, It should be sufficient to use the theory as currently defined with an
equivalerAt (leeAnt) coefficient of sauvgde regtio,. to arcunt for the ralat sly reducad
resistance of the soil, once punching has been itIated. Even with a more exact theory,
prediction of deflections within very close tolerances sUll could not be expected, because of
the nature of soil as a structtral tmuarial.

Consequences of Observations

On completion of an experimental program such as Project 3.4, it shculd be determined
what information can be expected from the test results that will aid in the design and construc-
tion of full-size buried structures. Most Importantly, the experiment shows that with the
proper input paraimeters, body motions can be estimated with reasonable accuracy. Beyond
this, the experimental results and accompanying theories provide basic ýrJformaton needed for
a theory to define the optiwum footing width. Inform~tton also In provided which demonstrates
the nature of the moments and thrusts induced by traveling-blast loading xnd, consequently,
Information on the nature of the loads carried by the soil in arching.

The tests provide a basis of Judgmert regarding what relative deflection may occur

between the footing and the floor slab and between the footings and the free field. An
Important aspect of behavior is that the floor motions may be a fraction of the body motion of
the structure itself and that the floor displacement will be about equal to the displacement of
the free field. Further, vbservation of the acceleration traces gives the designer some
understanding of the nature of the shock Input to a shelter, although it is emphasized that shock
input is not readily scaled.

Crushing of the smaller arches and denting of the Larger arches by the eject& point up the
possible need for a missile shield over personnel shelters. If a shelter is in the vitinity of
above-ground equipment or buildings that might be destroyed by a re.atUvely low overpressure
attack, it is possible that the debris created might impact above and penetrate the shelter.
Wherever such a possibility exists, considerat'on should be given to the possibility of providing
shielding from such missiles.

The physical evidence provided by the tie rod measurements furnishes positive proof of
the large lateral forces imposed upon the footing of a buried arch shelter. The designer
should recognize the existence of such forces and provide suitable struts to prevent large
lateral deformations or rotation of the footings.

Perhaps most important of all, this study demonstrates that the body motion results
from the compression of the soil field and from the relative deflection of the footings with.
respect to the soil field. Thus, an appropriate coefficient of subgrade reaction should be used,
depending on whether the absolute or relative deflectiona are being determined.

Deficiencies of Work

Close controls were maintained over the material properties and the instrumentation and,
in general, t'e experiment was corsidored most successful. The small uninstrumentad
structures were lost due to crushing by soil bombs from the ejects. In addition to this
unpredicted occurrence, the only serious data loss was due to failure of the velocity gage on
the Instrument bunker. Malfunction of this gage prevented stablishment of a poetshot bench
mark within close proximity of the structures from which survey data could be obtalned. The
htrOL order survey data brought In from beyond the range of influence of the blast proved to be
to inaccurate to be of use.

In addition to the forementionel difficulties, the vertical rod from the crown of the
structure to the soil surface, used for defining a preshot and postsalt elevation of the crown
of arch CA-2, caused difficulties In interpreting the moments near the crown. R was apparent
from the strain gage reading that the soil abov- the crown of the structure experienced
considerable motion with respect to the crown of the structure, inducing e-transous moments.
It Is apparent that no such appendages should be fastaned to the shell of an arch struature. The
difficulties mentioned are considered tha only deficiencies of the sapertment; however, It wouldhave been most des. rable to have obtained soil-structure Interlace pressure mmeaurements.
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FWNDTNS AND CONCLUSIONS

From analysis of the data of the four large arches and from comparing the results with
the theory, it was found that:

1. The measurable natural periods of the uncovered arch agreed reasonably well with
the theoretical values,

2. Momeats and thrusts induced by backlfit~ng were negligibly small; however, thhe
crown deflection was significant.

3. The -atural period of the covered arch was much less than the corresponding natural

period of the uncovered structure.

4. The peak overpressures were almost exactly those predicted.

5. Actual positive-phase durations were approximttely 40 percent longer than predictlon.

6. Body motions were larger than predicted.

7. The relative d.splacement between the free field and the footings in the quasi-static
state was about 57 perce it of the absolute footing displacement.

8. Asymmetric response of the shell was evident; moments on the leeward side were
about 30 percent greater than those at corresponding positions on the blastward side.

9. Thrust variation around the arch was fairly uniform; in general, the thrust was
less at the crown than In the vicinity of the spring line.

10. The thrust data indicates that interface shears were developed.

11. The velocity gages used to measure footing deflection proved to be excellent
motion-sensing devices. Peak absolute footing displacement for arch CA-2 was 1. 6 inches.

12. The peak floor deflc.tion was about 40 percent of the footing displacement. Peak
floor deflection occurred at aoout the same time as the maximum footing deflection.

13. Forc.; in the footing tie bar were large; an initial tension phase was followed by a
much larger compression phase.

14. Body motions from the unmodified theory did not , ,rrelate we! with the measured
data.

Comparisons of the results of the Project 3. 4 tests with the theory rv,,ealed areas in
which the development can be improved. The theory, as set down in Appendix A, can be
expected to predict deflections correctly only if a suit.iblv modulus is employed. It is evident
that a correct representation of the soil-arch system can be achieved o 1lv by expressiLng the
arching shear as a function of deflection.

The experiment was successful in permitting achievenment of primary and secondary
objectives. Tertiary objectives of gaining information on the effect of depth ol (,over and
footing width were not achieved because of failure of most of t,,e t2ight small arches under
imrpact from the largv, clods of hard clay in the ejevta.
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LIST OF SYMBOLS

Dimension

A area c ' toil between failure planes L2

a constant exponent

b footing width; one half of trapdoor width

al, b, c.r constants depending on b h

cZ() constants

C constant corresponding to nth moden

C velocity of sound In the soil V-r
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Dimension

c cohesion FL-T2

D) linear dimensions L

d_ depth of coret

E moiduus ot elaaticily FL- 2

g accelera•ion of gravity LT

3 tooting depth L

h depth of so', cover L

I impulse for an element of arm of unit width and length x FTL°

I moment of inertia of mass of the structure and soil acting with FT 2

the structure in rotation

i impulse coefficient dwerosionl ess

k stilfness of foundato,, soil FL 1 I

I coefficient of lateral earth pressure dlmenstiondes

k coefficient of subgrade reaction FL" 3

k1  subgrade modulus for a 1-foot ^I t dth of footing FL- 3

m mass of arch per unit length including ribs and footings Lr 2

Inm equivalent mass of soil acting with a footing per unit of length FL_ Y

In mass of soil per unit length between failure planes (t > t,) FL-%T2

mI mass of soil per unit length between failure planes (t •- t7 ) FC 2T2

p unit overpressure; unit load on plate or footing FL 2

p average pressure over a distance along the surface between failure planes FL' 2

PO peak overpressure FL?2

Q total load on a I-foot length of the surface over the arch FL-1

r radius of arch L

T naturil period of nth mode se/-yclen

t time T 1

t t - t. T

t time for shock front to reach various points on surface T

td ef!iýctive (triArgular) duration T
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velýrytv of air sh•ck LT

V ota2l: so-P vhear abuic-e the tooting per fo~ot of length -n ai verticaa F I.

x P h./Y Fdiniols

or trap door

Yb total deflection of blastward footing L4

YL total deflection of leeward footing L

v maximum deflection of plate L

YO footing deflection due to rotation L

y defleotloni due to long-duration loading L

z radial displacement of point on arch L

a n,,g!• of,! -sol, shear plane xfth. horizontal. degrees

a coefficient in Jisplacernent equations T

t3 angle of soil stress front with horizontal degrees

53 coefficient in displacement equations T2

ry mass per -u!t vi arc length FT L

Y unit weigho of soil 
FL

I1 impuze pet unit oif iength transmitted to the soil-structure system FTL"I

ti amilatlona] damnpin factor dtmensionless

Y rotational damping ta-c.c dmensionless

N angular displacefment radians

initial angular velocitv radiant sec

A c,)efttlciemt in equation for mass of soil between shear

a failure planes

A (t, 1, 2,,) coefflic!erls in i ad relation

Ad coefficient . i equation, for initial velocity

P nond nipn it in.,! f 4!;it in
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V f3 a tenA

Angle of Internal hrl•tiOf of jail dcgrees

natural frequency of nth mode rdasbo

natural angular frequency of sol,-strui-turc system radias/sec
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lTROD~UCTUON

This apptndftt presents an apprW nra method for determinln the defliections of the
kootings of a buried arch subiected to blast loading. 11he method presenti& Ia In a form
sUItWbl6 ror uat by the desIgner.

The foundation of a buried structure must be designed so that it has sufficient load
capacity and also so that the d-flections will not exceed some prescribed maximum value,
Usually, it is specified thit tae rmaxirnum footing deflection shall be less than 2 inches.
Limiting the defeeldons prevents ruptrtring the water seals and breaking fuel and other lines
ettering the shelter. Extreme deflections of the structure with respect to the floor could
cause sev;:e damixe to partitions And internal fixtures and equipment. Multiple loadings,
also, could cause undesirably large accumulative deflections. These factors justify the logic
of limiting maximum deflections from a single loading to less than. 2 inches.

The problem to how to design the footings to assure against excessive deflections. A
promising method has been proposed, 10 but it presupposes that the load on the footing is
known. Determination of the load is one of the more difficult aspects of the problem, A
method also has been proposed which, in effect, pern:Its determination of the load on a buried
strumture, It but it does not account for the traveling characteristics of the blast. Ref~nements
to the latter method have been proposed which are Intended to more accurately account for the
stress-strain characteristics of the soil. 12 The development presented here attempts to
provide a means for determining the loading under traveling-wave conditions. With the loading
kMow-n. o,-odiction of deflortion becomes more realistic.

The foilowL,% treatment is limited to shallow-buried arches, however, with minor
modifications, the method may be readily adapted to other geometrical forms. These shelters
are presumed to be in overpressure regions of the order of I00 psi, although refinements are
suggested fur adapting the method to higher overpressure regions.

F1tNDAMENTAL. CONSw ERATiONS

The system under study is shown schematically In Figure A- Ia. As an air shock travels
across the surface, stress waves are induced In the seil field. For purposes of this report,
all induced waves except the dilatational wave are assumed random and negligible. This
includes the shear wave which lags the compression wave by a very few milliseconds at shallow
de-pthro. The air-induced dilatatlonal wavt front is taken as a plane perpendicular to the
direction of travel of the stress wave and inclined at an angle, 6, with the horizontal. 13 As
the wave travels downward through the soil, dispersion takes place and the r!se time of the
front increases. For this reason, It Is referred to as a stress wave and not as a shock wave.

As the wave front envelops the structure, it would be expe'tel that, if the overpressure
Is large eough, shear planes would form as Indicated In Figure A- ib. This presumes that the
compliance of the arch-foundation system Is less than that of the bvrrounding soil. the
breadth of the mass between the failure planes would increase witl time, as shown in
Figure A-ic, until the structure was completely enveloped. Thereafter, i rapid transition
would ensue and the failure planes for the remainder of the loading wuula shift to a nearly
vertical position as indicated in Figure A-ld.
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wUth dopM., as has ccc.ve done Ln oil-icr sud~len. -T11 -cat ýU wult. ai ho of` :ih pro U'41prn
latlpr refinerviaht is i warranted for nfbhflkw-ilurie M-Structures~ -qnct the nirmal Prsued
to depth el c!over i; small compared to h( omlpesr nu du h ufc vtp sue
To elimninate theste and other eornpliexitlesi and reduce the svstem to a reasorable yel readily
tr-trtabie model, a numnbe- n." simplifying assumptions were !ntroducP'-.

T~he "Kasic ~uuptijori Were as JulljuWs.

L. The Vpi1led blast load oýan be represented by an1 equ~v-len, I riangtilar load.

2. 1The eilrtzl the' dm:treM* wave ttvrin~the atructivre is tnuivaicnt Wo an zrnvu.z-c

which imvmarts an Initial translatiorall and afWula-e vt.loclty to the structure.

3 Thie 'kirue-t,-p iindirirnoei ipurel r,;'iA h'ý. nuT~ t f, thr
derlection of the footings is coincerned.

4. 'The zmass of soil be! twee the faz Uure planes ran be treated as a rigid bo~dy of
constant nreadth.

5. The Roi! constitutes an elastic homogenuA haif-space. This only implii-s tt the
soil is elastic In compressior; it is not considered to have any recovery ability.

Justification for all of the assumptions except the last one is fairly obvious, but numfoer 5
warrants further vonnr4Rrutinn. It Is accepted procedure that the foundation sojil must be
densely compacted prior to casting the footings. For dense granulir irateraias, !he stress-
strain curve is such. that in most cases the tangent modulus can be employed in calculations
whlen the stress is less than ')out one-half cf the ultimate stress. For stresses greater than
one-half of the ultimate stre. asiuumpt ion 5 results in la;-ge errors unless a secant upoduius
is employed or the theory is modified to account for the nonlinearity of the stress-strain
properties of the soil. EFtperlence with laterally loaded pLies indicates that such refinemnent Is
nut ustally jw'ustued wid that it is satisfactory !n employ a secant modulus. 14

In addition to the itemnized assumptions, the conventional relations of static analysis are
considered applicable to the soil. Also, the usual interrelations between blast parameters
are employed. 15

ANALYTricAL DEV ELOPM ENT

Procedure

There -are two distinct phases of behavior of a shallow-buried arch: (1) the action dtuirn
the time in which the stresA wave is enveloping the arch, and (2) the motion thereafter.
Develbplng relations to define the behavior in the second phase is relatively straightforward
because the loading on the structure Is symmetrica.l and directed vertically downw~trd. It Is
apparent that if the Initial translational and rotational veloc.ties. due to the bebz-vior In the
first phase, could he determined, a suiution could be achieved.

During the first phase, the load imparted tU. '.e arch may be considered as an Impulse
becAuse oi the short timt, required for the stress wrave to envelon the structure. This fa, Iis
utiiiz.3d in determining the initial velocities for the second phast. Solutiort. The procedure is
as follows:

1. Needed geometr-val are written.

2. Trhe impulse Is determined.

3. initial velocitte't are derived.

4. kn appropriate load funetion to set down.

5. A relation for the resistanc*: is develupe~d.

6. The equatiorn of moo~on are formulated and solved.

so



P'rnrr !-tgrar A-7, the lem ~~al ice! ho to the systemr may Ix determtned.in te
relationt and in Figurn A-2, d 1is ýhe angle which the stres& frawron ake with hth horizonital
and ca is the angle that the fullure planes D and D2 make with the vertical, The fai•ure planes
form an angle of 411 * 4<2 with the lcrilontajl6 whereo is the angie of friction ouf the soil.
Lineýar dIn-pstenone on hth surfaceof the soil are de-ignated •y x'e with subscripts; D's With

butcrttsdefilr. dAItaaceb In thve suUl mass,. The radUw of the oeminiircutar arch and the
depth of Cover over the Cr-own are d~ianawenA 11V r Miny4 AL r-tninvtA

Th.e i•gi izenmetrtcal relatlonhlips are:

o = (r * no1 Ie a - r tan (I

I -r dI ces - r sinantinfl

D /r dh seca
2

D3 = (r4 d sc fi - rcotf6

D4 r rsln (fl-a)

D5 =r tan ca

x I (r do) tan a

"?:2 2r r (+ d0)tanao

xC, r (1 cox)4/cos a

x r (I -tan6/2tana? e do (tan a + cotfi)

x), r (I + cos o + tana 4 (1 - sin ct) cot$] + do (tana + cot$)

Nondimensional plots for finding magnitudes of the parametrre zq and x. in terms of the
angles a and fl are given an Fi&ures A-3, A-4, and A-S. These ftLuref materially aid
computation.

It has been tentativey concluded that for shallow depths. "the shock front (stress wat,)
in soil may be considered as a plane perpenuicular to the direction of travel of the shock nvec
and ii.rlined ;t an angle, f, with respect to the horizontal as gCiven by Ltc equation
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W*1

where C odernic velox.lty of the soil8

velocity infl hctk wavr D5 -air nt tl e po15Lt of iMtrref.. , 5

Plots of hbDk vc~cy-:tt in air for a gtvsn nveirnrekeýu-re are readilv Avalair-hi as In
Information on the saesmic vel xtv of aoi I The velocity of the- stresrs front may be taken

hilifl3 ti. mAr Ssisrrdlc vsw'-ctV At AM . Mrn tm me ranwm of vrrrar ot interrres.

As previously implid. a to calculable frorn the relation a 45 4/.These az e all

Determination of impuise

Con.ider the impulse of the load acting on the mass between the failure planes,
Figure A-2, as the soil stress wave travels the distance 04. The presaure t any point, x,
behind the shock front is

p(x, W p0 Ho (A-2)

{ t -fA-3

where U velocity of the air shrck

t time; := ix = a

1---L-

d, D

\ \fiue~r \03
stress *'zvc front

~D2 D

Figure A-2. Geometry of system.
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Figure A-4. Chart fo- determining xy arnd xti;a v 2 5
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"The total tmpulse o! the ioaa per unit of surttee area at any point x behili the shotyk
front at time t is

P(A- C

Herice. fOr an v_, i - u ui unit widtn attd length x, the COtWJ impwuse is

I =PJo t(1d)dy (A-5)

Since an equivalent triangular loading of duration td his been assumed

td

-() I-t • d (A-61

Substituting Equation A- e in Equation A- 5 and evwaiiating the Integral gives

S2 31I t x 2 t V (A- 7)I- o -y0 d ?-

This is more simply expressed by letting

X
I Utd

(A- 8)

t d

Then the impu•se becomes

I = P°'od (d6-r 3T 2 _ 3r72 r + 3-"2 3) (A-9)

Thei impulse transmitted to the soil-structure system as the soil-stretss wave travels the
distance D 4 Is

Al " . ti - 1 1. \-o i-f v - p j

(A- 10)



Designatt g rx as -, -r or r, when x • x•, Ya, and x., and noticing that tAd x x/Ud td

when t Ot, etc., the trasmiltted irpulse fdr a .r comes

a~d for <-

2i

k7 'a 2 r~
3Tp (Ad:

Or, more simply

PoUtd2 (A-13)

where I I whenTr >

and 11 and 12 are, reepectively, the terms In br-zkets in Equations 11 and 12. Charts for 1I
and 12 are given In Figures A- 6 through A-13.l

Formulation of Initlal Velocities

Equations for the initial velocities mny be formulated by equating the Impulse given the
Pystem to the change In momentum. 'he only diffculty In accomplishing this is in deciding
just what constitutem the system. Ct rtainly the structure and the soil between the shear planes
above the arch are a part of the system but that Is not all; the soil In the aeighborhood of the
footings which act# with them must also be accounted for. Preliminary studl'q suwet that it
Is sufficient to take the effective masz as that of a cyltnder with a section diameter four times
the footing width,

The effective area of soil acting with the structure Is Indicated in Figure A- 14 together
with the coordinates employed in the Impulse- momentum equations. These lemqtions "rr the
initial vslo'ttiee are

Ink° 1  A lcosa - Ndi (A-14)

*Linear interpolation between the.e charts may result in sisigflcait error.
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16 o = rN (V sin (,8 -a ) (A- 16)

where trn mass of soil between the failure planes

O -sflecfLivs mraas of 6&11 act!ift*h wa kain ab tihuwn US Figure A- i4

N r eultant forte on arch

Y = mass moment of inertia of arch and soil acting with the arch in rotation

I tnt rvsuWtam yr-t-e. "V tnr Mrff rN4Z2a"ItsTVr' iv;u- ncr atr prlrtrjA at WfLX:tt t~r "wz
wave first contacts the extrados. Under ids assumption, the extremes of the region and line
of action of the force are as indicated in Figure A-15. As shown, the extremes of the angle
of friction of soil are taken as 25 and 45 degrees and the extremes of the angle # are taken as
14 and 39 degrees. These ranges. are applicable for the overpressure region from 100 to
200 psi.

0.0201

0.015 -1

0.0110-i---4 -_ __

0.005 -_______ _____

0 0 05 0.10 0.15 0.20

FigureA-6. Impulsechart, -r. 0.016.
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0 I

0.00/

0 0.05 010 0,15 . 20

Figure A-7. Impulse chart, r.- 0.032.

69



/

0.030

0.0251 -

S/ • /

0,020 -i /
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Figure A-8. Impiuse chart, • 0.048.
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'2 -

0. 010

0 0.05 0.10 M5 0.20

Figure .,-10. Impulsechart, -rct 0.016.

In Equation A- 14, the mass of soil between the failure plane8 is

y A
In g (A- 17)

where Y. = weight of soil per unit of volume

A = area of vertical section of soil mass between the failure planes

This area may be expressed as

A z 7-(r + doa)2 rD 5

or more conveniletly

2 II cos atan a q! I
A rI1C.- + i con a rOSi (A- 18)

A r 2 A a

A being the term in braces.
a
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0.015-________
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Figure A-11, Imrpulse chart; -r ('.,032.
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0.010
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Figure A-12. Impulse chart, -r. = 0.048.
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Figure A,- 13. Impulse chart, r . 0.064.
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Figure A-14, System with coordinates.

N

24. 32 50
232.50

I4.532.0

1,00,fps C, S 2,300fps

22.5?

Fifu~re A- 15. Region and lino of action of resultant force for 15O-piA overpressure.
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-* c. es A_ r min-0- ) (A- 0)

Using this relatlonrnip, solving for Ndt from Equatlon A-14, and substltuting It in Equations
A-15 and A-16 yields the sot of equations

Im rcosasin( - a j + ! + mlr sina{ - rdl sin($ - a) eoo a (A-21)

Solution of these equatflna to readily accomplished by determinants to give

.o 1 2r A c o 2

1os r .in 'h x + 2in e + 2 tr2 (' th6 2 (-12
Mh coo a 4 term

0 = m 2m a + a (_-_) (A-2r)

( in+2we) r 2I)

For practical purpossA, the centeA of gravity of the mass of the arch and the effective
fooftin soil is con~ entrated at the distance r fromn the ceater of cuirvature of the arch, thus,

(w, 4 2ne) r . Using this relation, the denominatorE Lin the preceding two equations have
the common term

d1 2 (A- 24)

ý o a+sin Ca -aC)

WHOMzin Equations A- 13, A- 17, and A-I18 wi'lh Equation A- 24, Equmtion A- 22 and A- 23 may
be expreeed as

p t-- (3 ) lcoo a (A-25)

I? coos a sin ($ -) ~ o(A- 2)

ýo~ ~ i -~y' coo.C

a.. .
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These are the velocities needed to solve the equnitions of motion governing the second phase of

behavior.

Second Phase Motion

:, formulatig oquations of motion, tht important factors Inlluexcila defilection- of the
funmmdation must be determtned. k has been suggested that it is necessary to <oncjder the
stress wave generated by the footings to get a realistic pr-diction of the motion. I One line
of reasoning Indicates that thin is not true.

Tests on burled model archesd show that the time to maximum displacement of the
structure is far in excess of the time required for the soil stress wave to propagate beyond the
region occupied by the arch Thus, a solution sufficiently accurate for desAgn purposes shold
be obtainable without considering wave propagation.

The dominant parameters art thought to be those indicated in the model of Figure A- 16.
An equation of moUon and a solution for this model can be developed if the effective mass which
acts with the footing, an appropriate foundation modulus, and a suitable damping coefficient are
available. At present, there is no comprehensive Information on these quantities, however,
analysis utilizing eitansive dynamic footing test data is being made at the Waterways Experiment
Station to determine the character of these parameters. It is expected that the effective mass,
the foundation mo=Kluus, and possibly the damping may be functions of displacement and time.
For purposes of the present development, nevertheless, these parameters will be considered
as constants.

As discussed later, some pertinent information is avaIjale concerning damping, and
methods are available for computing the modulus of subgradp re Action. Expressions for Q and
VI also will be required to complete the equationxs of motion. In the following paragraphs the
equations of motion are presented with each of the cited factors considered in turn.

Figure A- l. Model for buried arch.



ions of motion for t > tZ. With y * rt and k - bkz, the equation of verticatlMotionst

(In min+ 2me) ~ 2c4 + Wk Q -2VJA

Ins + - (A- 27a)
,rI

Here, the arch is assumed to be sufficiently long so that the Influence of the end wall Ioumiatlon
is negligible. For a short structure, the shear on the vertical plans* of the end walls must be
included.

Ass•miag that the mass of the system may be considered as acting at a distance r from
the cmter of curvature of the undeformed arch

f cr 0 + 2kr 0 - o (A-28

With the relations

2 Sk
I + in + (A-3n

2c
m + in 2ma e

and
w~)fi2k (A-20

mI ÷m+ + FM(

2cm~~ , + •,+

Equations A-27 and A-28 may be expressed as

211w+2 w Q - V1 A-3)

rm In5 +

4, llnewiA~ + 20 . 0 (A-32)
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RIt may be noted that 2me Is used in Equation A-30 instead of me. This approximation
simplifies subsequent relations but results in a negligible error because m , m >> mi. tn
these equations, 7 arid n aare interr'elated, however, because of the Identical angular and

~rasltioatfrequencies

r, = r,,, (A-33)

V now becomes necessary to evalutte the underterinlned parameters,

Load and soil shear. The driving force shown in Figure A-15 is

Q = 2j (A-34)

where p = average pressure over x1, x2

The pressure at any point, x, behind the shock front for t > ty In

P(Il - ix) (A-35)p (x, t) - Po (-35

Lett = t * ty,, then

ty t
td

hence

p (x, P -[p (

we fft (I - (A- 3t Ap I t d t/ d Y A-6

where Xlr., x2Tk.~4 (A-3 6a)



4

Assume that, for the depths of burial of interest, the vertical soil stress oual the
average surface pressure over the arch. The shearing force in the soel •n a vertical plane
through the spring line per unit of width Is

V ( + ~?tan#) (r + d.) (A-37)

where & s•• i ohesion

k the cufficient of lateral earth pressure

Thus, the numerator of the right side of Equation A-S1 bfcomee

Q % V~ 2rAtpo( .... L rc= (1 + )

t d\t r
- (I tan + (A-Se)

Alternatol7 expressed, Equation A-38 become

2V- 2 1  2- rp, t -AI ) A) Id (A-39)

where

A,-A* I ].- L tan, (A-40)

Attention may now be directed to deturminaion of the foumdation modulus.

Pund~tkn no s. The foundation nmodulus Is the ratio of the unlt log ona footing to
the total settlement of the footing and -s comimonly empressed by the relationD

S k- 2bl- ) (A-41)

where kw I the subgrade modulus for a footing width of one foot (usually determined from a
plate bearing test); here the dynamic modulus with the appropriate surcharge
pressure should be used.

b - footing width (Rt)

With kz, Q , and V1 determined, all of the necessary quantities except the da% ft u are
available for the solution of Equations A-31 and A-33.
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pi The model arch toots previously referrej to2 indicate that damping of the
booy near critical. The osclllograms shcw that the structure deflected to a
maximum value and st~rienced no further oscillation, although there was a small elastic
recovery as the Iced was removed.

Measurements from the Operation Plumhbb 3.3 structuree alon indicate that the damping
was near critical. For present purposes, therefore, it is considered suffkicnly accurate to
employ the soiution of the equations of motion for critical damping.

Solution of Equations of Motion

With Equation A-39 in Equation A.-Sl, the governing equations of motion are

+ ,j + 2p A + A)-0 (1 +~ (A-42)

+ 2 (A-40

with initial conditions

,(0) - 8(0) 0 (A-44)

4(0) = i

6(o) . 0
0

For n1 -iq 1, the SIV,-a-al solutions of these equations are

4 .g . ) ( -WE"') + + ljo j .- g i e" (A-45)

and

0 te- A-46)

where o k t A I
(A-47)

m * in + 2mSe

-A1

t (A-48)
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Equations A-45 and A-46 bold only for f and 8 less than or equal to their tnitial maxirum
values because of the nonlinear chaxicter of the soil.

For the most severe load conditions, namely long-duration loading, it is possible to
empress the maximum deflection of the footings much more simwply. Such a simplfcation tiIs
possible since the soil may be considered to have negligible recovery or rebound ablity,
especially ýd higher stresses. Because of this, it is possible to superimpose parts of the
solution of the equations of motion by algebraic attitn.

The response of the buried arch to a traveling wave nmay ww be broken down into three
parts. The response due to the load, with zero initial conditions, is essentIally the peak
deflection under a static load of the "ne peak magniude. Thst is

Yp(t)max 2k k

Differentiating Lquation A-46 and equating the result to sero gives a time to maximum
deflection of I/ . SubstitutI• this in •quation A-46, the maxlnaum displacement, rS9t,
caused by the Qn6lal angular velocity is

r90
7io max "* (A-Si)

A similar expression results from Drzitvin A-45 on employing the described procedure with
a - 0, thus, the maximum deflections .f the footings for long duration loading way be
expressed as

%nm - + L *no(A- 51)

imax OWr e w , ro

For short-duration loading, the deflectiop ray be computed with the aid of Equations
A-45 and A-46. Again, 0mra and 4max should be ,sed so that

-ma " max * rOmax (A-5S)

Relations A-52 and A- 53 are readilly evaluated once the Initial velocities Yo sa 60 have
been determined. The Impulse parameter L. the =ressions for the initial velocities,
Equations A-25 and A-26, can be readily determined from the clhrts of Figures A-6 throuh
A- 13.

Discussion

Judgement regarding the influence of the do unant parameters Is enhanced by a study of
Equation A-52. A can be simplified by lumping those terms which are constant or only vary
through a small range for the pressure refrions of interest. Using this approach, Cr a
coheslonless soil, the dominant translational part of the deflection can be mpressed an
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diI-ktn (A- 54)Ymnax ~Its r r3) + 2
I r

Here it is seen that the footing deflection is priinarily dependewt upon the peak applied load,
the founftionl nodulna, the 4Mle of friction, the coefflclont of lateral earth pressure, the
radius of the arch, and the depth of cover over the crown. The manmer in which these terms
affect the deflection is Wrly evident from Equation A-54.

The first two terms are a&VroaimaLely the deflection which would result from a s"tic
loadhiW while the second term rrpresentt tho contribution due to the dynamic nature of the
loadng. For a given subgrade nxdt•us and depth of cover, tho dynamic component decreases
as the radius of the arch Increases. This implies that, relatlvely spoaking, the body motlAns
are proportionaiely less for large structures than for small onex. The second term 4u shows
that the subgrade modmlus is not nearly as important in limitine the dynamic component as In
reducir4 the static compoinent of body deflection.

The complexity of the traveling-wave problem has neceslt'ted naking numeroua
assumptions to achieve a solution. Several of thope assumptions are not validated by adequate
experimental drtz and may require modification as better information becomes available. The
development does offer a reasonable approach, however, to which refinement can be made as
warranted. One requirement, which could easily avid fruitfUlly be made when the depth of
cover Is more than a few feet, would be to employ the method of Reference 11 to replace
Equation A-27 and its solution.

No attempt was made to determine thl horizontal body motion of the structure since this
deflection will generally be relatively small and of little comsequence in the pressure regitns
considered, except possibly as ibput for shock isolation studies.

SUMMARY

The development presented permits achievement of an insight into the interrelation and
influence of the dominant parameters controlling the body mAtons of a bu-ied arch subjected
to a traveling wave from a nuclear blast. Correlation of the theory with experimental results
from the Operation Snowball Project 3.4 arches is given in the body of the report.

The nmehod of this appendix shonud be considered as a first approximation for th•
prediction of body motions. Reftnemeat of the theory to include the dependence of the arching
shear on deflection and replacement of the constant coefficient of subgrade reaction with the
dynamic load-deflection relation, as suggested In the main text, would refine the theory.
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AppendIx B

BACKFILL SOIL

by

L. W. Heller

REQUIREMENTS

The burial of the itrehes for Operation Snowball required that four fle2*ble,
30-inch-diameter arches 5 feet long and eight flexible, 12-inch-diameter arches 2 feet long be
fnctnwmsaed within svevrall Hel of dry Rnad xahjbiting con&stw__n ez In•rteng Pr--erta•ea
The dimensions of the excavated pits and the soil fields placed around the various arches are
described in the main body of this rcpcort.

In order to compare the behavior of the 12 buried arches, it was necessary that each of
tLa arche• he embedded in a like manner and that the material surrounding each arch possess
te same load-deformation crijracteristics. Some of the important properties of the tn-place
.and field required to insure similir enginserrig characteristics are as follows:

1. The sand should be kept air dry at all times. The influence of nolsture on the
dynamic properties of sand has bew documented. 1 9

2. The void ratio or density of the sand should be constant throughout the entire sand
field. The density of a dry. homogeneoub, particulate material greatly influences
its engineering behavior.

3. In order to attain homogeneity throughout the artflcialu placed soil field, there
must be no segregation of the sand grains. Segregation produces zones of
potential failure interior to the sand field as well as altering its engineering
properties.

METHODS OF CONSTRUCTING A SOIl, FIELD

There are three primary methods of densifying an Initially loose sand material into a
condition suitable for engineering purposes name.), vibratory, tamping, and sieving methoda.

1. Vibratory methods of densifying a dry granular material are described In Reference 21.
Vibration is an excellent method of compacting roadbeds and fills when the load@ on culverts
placed in the roadbed or structures adjacent to the fill are not important. Segregation is an
inherent, although often surmountable, difficulty in this method. A vibrator has beew used in
co-mpacting a sand fill In previous NCEL tests.,

Because of the unrestrained flexibility of the arches, the absorption interface at the walls
of the excavated pits, the reflection interface at the compliant face of the arch, and the
possibility of grain-size segregation, the vibratory method appeared to be an undesirable mins
for constructing a homogeneous sand field.

2. Tamping methods can be used for the compaction of granular or cohesive meterials
whenever the moisture content of the material can be closely controlled and n-aittained M its
optimum vulue. Such control at the test site would obviously be impossible without extensive
earthwork equipment and laboratory testing.

Lcads applied tG the soil and thus to the unsupported flexible arches by the tamping
action would be a second prohibitive disadvantage of this method.
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3. Sitev-g methods for producing a dense granular structure have been used for
laboratory studios in conjunction with small-scale tests. 22 Sieving techniques appeared to
afLer several advantages over t" praviously refd denasfitcation methods for the
circ'nmstances involved in Operation Snowball.

When an air dry sand is used, a dense, uniform, and homogeneous soil field can be
placed with none of the dynamic problems indigenous to the vibratory or tamping methods.
Rhrted warm• dry weather conditions and the availability of unskilled labor for plaelng the
soil material at the test site were further considerations favoring the sieving technique.

DEVELOPMENT OF SIEVING APPARATUS

The o•pattiJg prLacIples of the sLeving method axe quite simple. Sand in metered through
a series of sieves to produce a randomly dispersed system nf free- falling grains. The
potential energy of each of these grains w•th respect to the Imp&cting datum is ipendod as
these grains strike the surtace of me sand and seek their Individual minimum energy positions.

A single-unit, developmental sieving device similar to that shown in Figure B- I was
fabricated and tesed to determine the variables affecting the resultant sand densities. Length
of condait huoe (B, figure B- 1), height of drop to the sand surface, A, and rate of sand flow,
Q, were the variables studied. With A - 18 inches, B - 7 feet, n Q = 0,5 cfm, the
resulting density was 107. 7 pcf. Changing A to 30 Inches produced a density of 109.3 pcf.
Figure B-2 flustrat" the effect of flow rate mid drop distance on the sand desnty produced
when B is reduced to 2 feet. A 1- 1/2-cubic foot container was used for these tests.

A single-unit, prototype developmental sieving device was moved outdoors, fitted with a
5-foot-lotn, 3-inch-diameter hose, and carefully calibrated with orifices of 3/4-, 1-, 1-1/4-,
and 1-1/2-inch diameter. The flow rates and the resultant densities for this series of
calibrations are given in Figure B-3. The densities obtained with this sievtu,: apparatus using
the I- l/t-nch-diameter orifice were only slightly higher than those obtained bay vibratory
methods in the NCEL simulator pit. Two triple-unit sieving apparatus were designed and
fabricated in a manner suitable for filling the NCEL blast simulator pit and the excavated pits
for Operation Snowtbll.

Mr. R. C. Sloan of the Waterways ftweriment Station, Vicksburg, Mississippi, and
Mr. B. A. Donmellan of the Air Force Shock Tube Facility, Albuquerque, Neu Mexico,
provided the concepts for the vaving and sieving components of the NCEL sieving apparatus.

PROOF TESTS

Proof tests were conducted in the blast simulator pit at NCEL to determine If NCEL test
sand could be placed in this facility by the sieving method at a density comparable to that
previously obtained by vibratory methods. 3 Fqure B-4 shows the multiple-unit a!sieng
apparatus positioned for filling the pit during these proof tests. The average density obtained
for the vibratory method was 107. 1 pcf. The average density obtained for the sieving method
was 107.2 pcf.

PROCUREMEN't AND PROPERTIES OF BACKFILL SAND

The cost of procuremeit and tranmporta ion of NCEL test sand from Ventura County,
California, to the test site at the Suffield ExTerimental Station (SES), Alberta, Canada, for
backfilling purposes waa considered to be excessive; therefore, Projects 3.4 and 3.2 purchased
sand from Ilmmitt Concrete Limited, Medicine Hat, Alberta, Canada, through a joint contract
administered by the Suffield Fxperimental Station.

The material was taken from a natural alluvial deposit of the South Saskatchewan River
near Medicine Hat, Alberta. The natural sand was then washed and dried In a gas-fired
asphalt batch plant. After drying, all material larger than the number 10 sieve (2. 0 mm) and
smaller than the number 200 sieve (0.07 mm) was removed by a sac eenng process. The
graded sand was then trucked to the test site and dumped or a protective plastic sheeting spread
over the natural ground. Additional protective sheeting was placed ever the sand and
sand-bagged In place.

86



• lm~erod gud 12 i*

55.-Vallon bi' *I

guide skJ~n

rubber. stopp

4ft 10 flexible how.

Inverted Fmn'Il withf tv

V16" mesh #ley*$. spced

2/-apart, veti cally

A

'/2 cu yd mgmwnted box

-E p ofoi sCale

Figure B-i. Single.-mnt sievtn device.

87



• ,•i 1

1100

ii I

lOO

010.4 40,8 1.2 1.6

Flow Itate (,-fm)

Figure B-2. Results of sieving tests.

112.5

110 3.... -4 -__ -• - 3 / 4 "t " .. ... . . . . ,p , ,

x ® 1 - 1/2-

e--
307.5

0 Orifice

IO 5 ,___________•__________--______________

10 00O 2 0.'4 0.6 0ý8 1.0

Flow Rate (efm)

Figure &3-3. Results of prototype calibration.

88



4

6t�

2

a

I

it.

1

_ I.

89 1
I
I
I



MECHANICAL ANALYSIS

Mechanical analyses of the sand delivered to the site are given in Figure B-5. The
variability in the analyses could be due to the natural occurrence of the sand or to the
asreening prvcese. The uniformity coefficient Is about 2. 1.

MICRO- AWAY WYS

Figure B-6 is a microphotograph of a typical group of gand grains from the material
used for backfilling, A millimeter scale Is shown at the edge of the figure. The sand Is
predominantly quartz with small portions of other rock fragments. A reddish clay containing
oxides of iron often fills the interstices in the quartz and other rock. The quartz material is
quite rounded.

VOID RATIOS

The Pi=amum void ratio was determined by plhcing the sand in a 1/30-cubic foot mold
through a 1/2-inch-inside diameter funnel held close to the surface of the sand. Three trials
produced an average density of 95 pcf. The specific gravity of the sand grains Is 2.87, so the
maximum void ratio is about 0.15.

The minimum void ratio was determined in the following manner. The sand was placed
in a 1/30-cubic foot mold in two layers. Each layer was compacted by 30 blows of a drop
hammer weighing 10 pounds and falling 18 Inches on a 2-inch-diameter base. Two trials
produced an average density of 113.9 pcf, or a minimum void ratio of 0.46.

TRIAXIAL COMPRESSION TESTS

Table B- 1 presents the results of drained triaxial c nmpres.ion tests performed on
spoc 4 menens of the backfill sand. Tests N- I through N-4 were performed at NCEL, and Tests
A- I through A-3 were conducted at the University of Alberta, Py Dr. E. W. Brooker. The
relatively low friction angles are primarily attributable to the large portion of rounded quartz
particles contained in the buckfill material.

SIEVING APPARATUS CALIBRATIONS

One muitipie-unit sieving apparatus anl a Toledo platform scale (2,000 lib capacity)
weep s&dpped to the teet site at the Suffield l~perimer'al Station. One of the sieving units was
used for calibration purposes prior ti) any backfilling uperation. The unit was suspended from
a truck A frame and centerrd over the segmented box placed on the Toledo scale. The bottom
of tht- inverted funnei was located 3't inches from the bottom of the 36- toy 36- by 18-.inch-high
., imented box. The vertical dista, -e from the 1urifice in the barrel to the Kottom of the
inverted ti•ve funnel was 5 feet. Sard wi-s sieved lnto the segmented Lxbx , ,d distributed
evenly tw slowly moving the funnel In lateral directions from its initial position.

Trhis procedure resulted in sand drop distances from 36 incheo to IS Inchem. Subsequent
density calculations revealed that, for this granular material, the.e was no significant
variation .n density for the range of drop distancis. The Average density obAained was
110, 8 pc. or a relative density of 0.83.

A second calibration was performed in the same manner after the backflfftng had been
.omp4 ed. The average density obtained was 110.8 pc fL
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Table B-1. Results of Triaxial Compression Tests I

Te. ,• od' I Relative Tangent
No. Pressure Rate Angle M Remarks

(psi) (in. /min) (deg) {psi) __

it 1 0 105 3534

N- 1 1( 0.025 0.53 35.1 4,000 Air dry

N-2 10 0.025 0.55 34.4 3 200 Air dry

N-3 20 0.025 0.68 34.1 8,500 Air dry

N-4 20 0.025 0.70 34.1 5,300 Air dry

A-i 40 0.049 0.41 34.1 1.5 --- 5.07% moisture

A-2 80 0.049 0.45 34.1 1.5 --- 5.07% moisture

A-3 120 0.049 0.31 34. * 1. 5 --- 5. 07% moisture

SAND AND K1CH PLACEMENT

The plan view oi Project 3.4 (Figure 2) shows the locations of the excavated pits. The
stockpile of sand was placed west of and adjacent to the pits so that the truck-mounted crane
used to support, transport, and position the multiple-unit sieving apparatus could conveniently
swing from the stockpile to the pit locations.

The field sieving operation required five men: three to distribute the sand flow from
each of the three siering units, one to operate all of the sieve control valves, and a crane
operator to insure that no malfunction endangered the sand placement crew. The crane
transported the apparatus to the stockpile where sand was placed into the sieving units with
shovels. The units were then moved into place above the pit to be backfilled at a sand drop
distance of 30 inches. The sand distribution and valve operation was directed to maintain a
level sand F .rface during construction of the fill. When the units were emptied, they were
returned to the stockpile for refilling. About 0.7 yard of sand was placec6 in each 10-minute
cycle, so all of the pits could be filled in 30 hours.

In order to prevent disturbance to the structure of the sand placed in the pits, the
following fill-and-trim method of bedding the arch footings was devised. After the surface of
the sand had been brought to an elevation slightly below the level of the arch footings, thin j
angle iron supports were d4lven vertically into th, placed mand, remote from the ultimate
footing locations. These angles supported trimming guides, stiff horizontal angle irons
connected between the vertical supports and running parallel to the major .xis of the arch.
Each of the vertical supports of the resulting H-shaped frame was then driven unti the top
surfaces of the trimming guides coincided with the plane of the arch footings. Additionmi sand
was placed until the surface was slightly above this plane. A flat stainless steel blade,
spanning the horizontal distance between and resting on the trimming guides, then was used to
cut the bedding surface for the arch footings. Small plate-bearing tests were conducted on the
trimmed sand surface between the trimming guides as described in a subsequent section of
this appendix.

Two H frames were used for the small arches and three were used for the large arche.
The center H frame was removed and the arch was set into its predetermined position before
the exterior H frames were carefully pulled from the sand. Sand was placed Interior to the
lar~ge arch.... up t•e !he ..... tlon of the '= .... of Ithefia.' ply,'_o~d flc, orlr.-g, ýU pour-in¢ A"'

from a canister attached to a 2-foot-long handle and painstakingly leveling the surffce with a
wooden screed.
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The flooring was placed inside the arches, the Instrumentation was connected, and the
end walla, with seals to prevent the infiltration of sand, were attached to the arches before the
backfilli.n operation was continued.

The primary c'.mcern In placing sanO around and over the semicircular steel arches was
that the sieved u'n• grains should not strike .-ie metal arch, slido over its surface, and In4)act
the sand surface at low velocity. Such an action wculd sertoisly alter the condition of the sand
near the "nd-arch interface. The operators carefully distributed sand from the sieving

Sapparatus so that only the edge of the fall pattern struck the steel arch. This method of
distribution produced a sand surface which was si~ghtly concave downward toward the arch and
its end walls during backfiiiing to the elevation ol the crown of the arch. The density of the
sand for a few mean sand grain diameters from the arch is probably somewhat less than that
obtained during calibration of the sieving apparatus. Sand was placed over the arch to an
elevation 2 inches below final grade, a plastic membrane was placed over the entire sand
surface, and the backfill was brought up to grade.

Certain difficulties, mistakes, and mishaps occurred durin v the backfilling operations.
Weather conditions at the Suffield Experimental Station presented one difficulty: the
unseasonable rains, a hail storm, and the winds in particular. Figure B-7 is a plot of the mean
hourly wind velocities recorded at a height oi 2 meters above the ground for the month of May
during the years frnm 1985 through 1958. The early morning hours, the time of leat winds,
were utilized for placement of the backfill sand because the trajectorier and random
distribution of the free falling sand grains from the sieving apparatus were biased by horizontal
wind currents. Four-foot-high plywood windbreaks were erected windward of the pits being
backfilled whenever wind-Induced segregation effects were noted. The pit for arch CA-3 was
overfilled 2 inches so the backfill had to be excavated 4 inches, a new plastic membrane
installed, and the fill brought up to the proper elevation. The backfill sand In arch pits
CA-10, 11, and 12 was wetted during a rainstorm and was replaced before these arches were
positioned. The backfill over and around 2rch CA-2 contained a small portion of silt particles
up to 6 ram, because it was obtained from a stockpile placed on the ground surface; the original
stockpile had become wetted due to deterioration of the covering plastic sheeting. The funnel
sieves were often plugred by these particles during the sieving operation around and over
arch CA-2. The truck-mounted crane dropped the multiple-unit sieving apparatus on two
occasions during transport, but there were no personnel Injuries during the entire backfilling
operation.

SMALL PLATE-BEARING TESTS

Plate-bearing tests were conducted on the trimmed backfill surface to determine the
initial modulus of the sand at the footing elevation of arches CA- 1, CA-2, and CA-3. A
schematic representation of the small plate-bearing device fabricated at NCEL in shown in
Figure B-0. Reference 5 indicates that the failure load of this footing would be slightly more
than 5 psi for a friction ani' e of 36 degrees, so only 13 of the 28 available weights were
needed to perform the tests.

Four tests were performed in each pit at a position in line with the major axis of the
arch footings and about 9 inches from the ends of the footings. The dial gage support frame
was anchored to the trimming guides and the plate-bearing plunger was positioned on the sand
surface under the gage operating shaft. The gage was then firmly secured and a preload of
0.9 psi was applied to the plate by adding steel weights to the top of the plate. Load-settlement
data were recorded as additional weights were added. A typical load-settlement plot for arch
pit CA-3 is given in Ftgure B-9.
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Appendix C

"iNSTRUMENTATION

1. M. Derr and D. H. Johnson

D'ITRODUCTION

This appendix describes the electronic equipment and calibration procedures for
Project 3.4. Thirty-six channels of instrumentation were provided to measure pressure,
strain, deflection, velocity, and acceleration. The amplifying, recording, control, logic, and
measuring systems are deec.tbed, and the characteristics of the various transducers, their
placement, and the method of caiibration are outlined. Mechanical backup measurements were
made wherever practicable and the nature of the backup measurements is explained. A
schematic block diagram of the system is shown in Figure C-i.

RECORDING EQU•P MENT

Characteristics of Recording System

All electronic measurements were made with Consolidated Electrodynarmic Corporation
System D recording equipment with CEC Model 5-114-P4, 18-channel oscilogrcphs. The
components of System D, shown in Figure C-2, are: (1) a power supply to furnish DC and
filament voltages to carrier amplifiers plus 3 kc, 10 volts rms for gage excitation, and
(2) bridge amplifiers that provide uniform amplification of signals from the bridge, compensate
for resistive and reactive unbalance in the, pickup and Its connecting cable, and demodulate
the 3 kc carrier.

Specifications of the bridge amplifiers are:

1. Full-scale output: * 5 ma into a 24-ohn, load, corresponding to a 4-inch double
amplitude galvanometer trace deflection using a CEC type 7-323 galvanometer.

2. Sensitivity for maximum output: I mv with no attenuation; I v maximum, with

full attenuation.

3. Input impedance: approximately 1,800 ohms.

4. Input attenuator: 20 steps, I to 1, 000, and off.

5. The bridge balance system will acconunodate:

a. A four-arm bridge composed of wire strain gages or other resistive elements -
each element 120 to 500 ohms, with maximum bridge unbalance of 65 mv for
10 v across the bridge.

b. A two-arm variable reluctance pickup suitable for use at 3 kc.

8. Controls provide:

a. Phase balance.

b. Amplitude balance.

c. Reference voltage phase control.
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d. Galvanometer off-on switch.

e. Calibrate r and - switch.

f. Balance operate switch.

g. Attenuation.

7. LInearity: Output current is proportional to the fint voltale within A peasent of
maximum output.

8. Frequency response: Galvanometer trace anplitude 1 2 percent for modulating
frequencieo from 0 to 800 cps, when connected to a CEC 7-323 galvanometer.

9. Outp4A impedance: 1,000 ohms.

CONTROL EQUIPMENT

Logic Units

The primary function of the logic units is to accept remote field Uming relay closure
commands to cycle the System D. Magnetic Research Company, Inc., Model 36g-9 logic units
were employed. These units are designed especially for use with CEC System D in conjunction
with Magnetic Research Coupling Modules, Model 362-2.

The commands and responses for Project 3.4 were:

Command Closure Response

-30 minutes Turn on power to system for warmup.
- 15 minutes

(backup)

-10 seconds 1. Sart oscillograph drive.
- 5 seconds 2. 50-percent calibration step on.

(backup) 3. 100-percent calibration step on.
4. Calibration off.
5. Data recording.
6. -J.percent calibration step on.
7. 100-percent calibration step on.
8. CalibratIon off.
9. Stop oacillograph.

10. Turn off warmup power.

Each 'alibration step is about I second long and the data run between presAot and
postshot calibrations lasts about 20. 67 seconds. Before the signal Is received to start the
paper drive, thero is the possibility that the warmup power might be turned off by the removal
of the -30 minute and - 15 minute timing signal. This could result in the loss of a record;
thus, to preclude such a possibility, latching relays were installed with each logic urdt to
provide continuous closure If the timing signals should fall. An advantge of using laching
relays is the ability to cycle the logic units Independently during preshot toots wihout
removing cables.

Once the paper drive signal has been received, the unit is "locked' Into a complete
sequence cycle. This eliminates the pcs.ibility of shock opening a relay and turning the
system off during the data recordin period.

The logic units will operate on either 115-volt AC, 60-cps power, or 24- to 18-volt DC
power. They will not respond, however to the paper start command unless 115 volts AC is
supplied. When the units are battery operated, the AC power is furnished by converters
operating from 24-volt batteries.
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Power Backup

U the 115 -volt AC power should fail, an automatic switchover to 24-volt DC operation
will occur. Thits is accomplished with an NCEL deaigned sensing and switching unit. When

± the AC trmm the uower mains exceeds 125 volts or falls below 105 valts, the awlt'cover to

battery operaied converters occure. &jffcient batteries were installed for 1 hour of
operation, with an auxiliary set on standby foi- quick connection, tf they were needed.

The U4-vol DC to 115wvolt AC converters used were Carter Model Z 1050 CP. Thwe
-evtces ax* cpble of continuously supplying IM) watts of AC power.

Timing Markb

Identical timing marks were placed on each oscillograph record with a timirng generator
demigned and built at NCEL. A timing mark occurs mAch 1/100th of a second. The mark Zor
"Lach 1/10th of A second is twice the amplitude of the 1/100th second mark. This assures time
correlation of the four oscillographs. An additional time correlation is provided by the
application of a detonation zero time pulse which occurs at the time power is applied to
detonate the explosive charge.

Phase Locking Carrier Power Supplies

When more than one carrier power supply is used in a common measurement system,
there ts the possibility of an undesirable sinusoidal pickup in the signal leads. The frequency
of this pickup is the difference between carrier Irequencies. The procedure recomnmended by
CEC for eliminating such pickup is to use slaving connections between power supplies. By
,is method, only one oscillator generates the carrier frequenc7 while the remaining units

operate as "slave" amplifiers. The disadvantage of this method is that a failure of the master
oscillator results in failure of all carrier voltages and consequent loqs of data on all channels.

To overcome the latter problem, a 0.005 mfd capacitor was connected from a common
buss to pin 1 of the slaving terminal of each oscillator power supply. With this method, tUere
Is sufficient coupling to obtain phase locking when all oscillators are allowed to operate. If
one oscillator should fail, there would be a 20-percent decrease in carrier voltage with a
resulting 20-percent decroase in data trace amplitude. There also would be a 20-percent
aecrease in calibration trace amplitude, therefore, the corresponding correction factor could
be app114 to obtain valid data.

Coupling Units

Effects measurements from high-explosive field tests often require long transducer
cables and a variety of transducers with various electrica, characteristics. These conditions
create a requirement for a broad range of control for electrically phasing and balancing of
transducer signals. In addition, with the CFC System D, ,e meltho Is needed for remote
calibration. The coupltng unit used was designed by BRL to fulfill these requirements.

The functions of the coupling units are to provide:

1. Local and remote cohitrol of electrical calibration.

2- Auxiliaz-y transducer zero balance control.

3. Contrcls for phase and, thus, deflection reversal of transducer and calibration
signals.

4. Optional oscillator power supply Isolation from the transducers,

5. Vernier mignai attenuation.

6. Solderlees mounting for phase altering and shunt calibration elements,

7. Carrier and signal monitoring points.



TRANSDUC ERS

The deflection, strali, velocity, and acceleration gages discussed in the following

paragraphs are shown in position, as they were mounted, in Figure C-S.

Pressure Gages

The ove•r-prsure gage. emplayed were Wa.e.ko Typo SPAD , pV-ifltatien.01 of the]
gages are:

1. Maximum pressere: 150 percent of range.

2. Linearity: 0.5 percent or less of pressure range.

3. Hysteresis: 0.5 percent of pressure.

4. Resolution: continuous.

5. Rise time- 100 to 300 microseconds.

6. Natural frequency: 1,000 to 4,000 cps. A

7. Acceleration sensitivity: 0.01 perceat to 0.05 percent of range per g of
acceleration depending on application.

8. Compensated temperature range: -25 F to +180 F.

*. Zero drift with temperature: less than 2 Percent of rame over 100 F,

10. Sensitivity change with temperature: lees than 2 percent of rawng over 100 F.

Deflection Transducers

The deflection transducers used were: one Bourne Aligropot Model 156, Part Number
15620-0-2.5-103, and two Hourns Model 108 Linear-Motion Potentiometers, Part Number
10820-0-131-103. Alignopot Model 15S has a total useful deflection range of 20 5 inches and
has a ball and socket at the shaft entry point to prevent shaft binding, if the shLft and body
qhould not be aligned due to a transverse movement of one with respect to the other. The
Model 108 potentiometcrs have a useful measurement range of 1.31 Inches. Both umits, of
10,000 ohms resistance, were connected into a bridge circuit to make them compatible with
the System D equipment. A sk-tch of the circuit is shown in Figure C-4. Resolution Is
limited only by the diameter 0 the wire used in winding the linear resistance element which,
in the&* two models, is 17 mLs.

Strain Gages

The strafn gages used were "Denfoli" type, die-cut foil, manufazaared by DeAronces,
Incorporated. These gages have a resistance of 120 ohms with a tolerance of 60. 2 ohm and a
gage factor of 2.07 * 1 percent. The gages are self-compensated for stainless stl to.
within 20 microinches Indicated strain over the temperature range of 45 F to Is F, and
within 10 microinches from 60 F to 110 F. Gage factor vartaton with temperature is less
than 0.01 percent per degree F. Overall dimensions of the gage, including bcking, are
11/16 by 1/8 inch, dimensions of the active element are 0.25 by 0. 29 inch.

The gages were cemented with Eastman 910 cement after first rtughing the back of the
gage with a small fiber glass brush. Subsequently, the gages were waterproofed with
petrocene wax and a layer of electric tape, both of which then were covered with black Ter-X
se•ling compound, manufactured by Electro Cote Company.



Figure C-3 View of gages near footing.
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Velocity Gages

Measurement of velocity of the arch footings and of two points in the free field were made
with Stanford Research Institute (SRI) Uark U velocity ganes. Thee ages operate on the
pritciple of an over-damped accelerometer. A hinged thin pilae, suspended in ot1, is forced
through the oil by any acceleration in the vertical direction. A restoring spring compesates
for the normal gravitational forces acting on the plate. The transducer element of the system
is a Wiancko variable reluctance gage; brackets attached to the plate change the reluctance
between two coil assemblies as the plate moves through the viscous oil.

The SRI velocity gage is designed to operate at velocities of I to 60 ft/sec where the
pulse duration is 10 mase or wore. Sensitivity changes 1 percent per degree F; therefore,
a sentltivity check is necessary before each test.

The gage operates on a carrier of up to 20 volts at 5 kc. In the Project 3.4 test, a
carrier of 10 volts at 3 kc was used. Dimensions of the velocity gage are 1. 5 inches in
diameter by 3.625 inches in length; the gage weight is 480 grams. Those gages in the free
field were encased in 4- by 4- by 3.6-Inch blocks of foamed cement to match the densIty and
to approximate the stiffness of the gages to the density of the surrounding soil.

Accelerometers

The accelerometers employed were Endevco Corporation Model A-2260-2•'0-0. The
accelerometers have a four, active-arm, bridge-sensing element which uses piesoresistive
strain gages. The rated range of the urits in *250 g and they can withstand *750 & or
200-percent overload for limited periods. Frequency response Is from 0 to 2,000 cps with
*0.5-percent deviation at 1 000 cpe and *3.0-percent deviation at 2, 000 cps. Sensitivity is
approximately 1.25 mv per g acceleration. Dimensions of the unit are 0.615 inch in diameter
and 1. 10 inches in height. Deviation of sensitivity with temperature i. les than 1 percent
from 32 F to 125 F. To obtain high accuracy at low accelerations, 5 minutes of warmup time
should be allowed to permit thermal transients to disappear. Also, these gages should be
operated at the rated 10 volts excitation. The weight of one accelerometer Is 35 grams.

Measurement Errors

Errors associated with various components of the measurement system are as follows:

Component or Fwuction Error (M)

Anmplifier 2

Galvanometer 2

Readout I

Transducer7

Pressure 0.5

Deflectioi 0. 5

Strain 0.5

V eloc ity 3

Acceleration 0..5 at 1, 000 cps
Cal ibration I

These errors are, cumulatively, los than the variations expected from one experimmetal
setup to the next for soil-structure systems. Thus, even under the most unfavorable
circumstances, the precision of the measurements in quite satisfactory for the type of test
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Calibration of Transducers

Pressure ~g~es. The VWancko pressure transducers were caltbrated in 20.-percent
Increments to 140 percet of the estimated maximum pressure by loading with a static
pressure. A calibration resistor was used In the circuit to determine any change In system
senattivity betwom calibration and tAt.

SDeflecton gages. The Bourns linear potetiiometers were calibrated in
20-petned increments to 140 perert of, entimited maximum deflection by using a micrometer
mounted In a specially designed rack. A calibration resistor was chosen to give a deflection
equal to approximately the deflection expected at the time of test, and the ratios of calibration
and tes, deflacUoma wre used to deter-mine the system sensitivity.

$train Gaeo.. The Denfoll foil strain gages were calibrated by placing a 100, 0O0-ohm
precision resistor across one arm of each four-arm strain bridge, simulating a strain of
600 microinches per inch. A calibrating resistor was placed In the coupling unit and the trace
relationship at time of calibration and test determined changes In system sensitivity.

Veloey 2q%66. Calibration of the velocity gages was achieved by pulling the hinged
plates against spring tension with a solenoid and then letting the plate drop with both the
restoring force of the spring and natural gravitational forces acting on it, thereby producing
a combined force of 2 g(s. A record was taken apd sensitivity was determined as trace
deflection durig I second divided by 64.4 ft/sec. A calibrating resistor also was placed in
the coupling unit and a record was taken at the time of the test, thus giving the relationship
of the sensitivities of the amplifier circuit.

To detect changes In viscosity of the damping oil, a record was made of the time it took
for the plate to move from a point where ft tod maximum spring tension to its at-rest position.
A record was taken at the time of calibration and just prior to the time of test. Log amplitude
versus time from these traces were plotted and the relationship of their slopes determined
the change of sensitivity of the gage.

Accelerometers. Eadevco accelerometers were calibrated in 20-percent increments to
140 percent of the estimated maximum acceleration using a Schavitz rotary accelerator. A
resistor was placed in the coupling unit that caused a trace deflection equal to the deflection
of approximately 100 percent of the maximum acceleration. The ratio between the trace
deflection at calibration and at the time of test, when this resistor was placed across one arm
of the bridge, determined the change in the sensitivity of the amplifier.
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Figure D-2. Strain data from oscillogram.

108



Gage Scale TM* ROIJ&dal trace

SG8 |--I ! 1

+200 ."i i - -

This Irregularity was due to
the crown level rod influence.

+1,000

Ii-1,200 --+1,600 I : ,lI_

-1,400 r '

-IMO0

-WO-
-1 -0 Msec

SG9 

,-200

Figure D-3. Strain data from oecUlogram.

109



Gave SCo06 Ti-ac. i troc*
(M In/i n,) at 2 isc

*10 
ftec l

SG I

S4. I

*1,000 - * ---- -01 - - 00

-600

-4001

SG) 2 -~ f

Figure D-4. Strain data, from osdillogram.

110



GVO Scale Trace S4~a rc

SG 13 _______________

I1 This race ~et b~yewi the
+j0 - dg of the- oscilorap paper. _ _ _

± ~~~~~1 I .. 4ne.1e____
+4004

-400C

-200 al

SG 14

SG 16

+4w10 
c

-ow0

SG 16



G e Scale Trce bi•db(l trace
t •fin. iaz"2.••

1~ 2T

±1 _ "i! Iit

1.2
III i I Z

] o., i• !
U* I _ _

0.6 --- ____

02 j..i.....� .- ..... i.....1L.. I V ____

_ 0.2, - H- -
0.31

0.1 jit -

Figure D-6. Arch deflection data from oscillogram.

7.

1......



Gag. k-IS Troco R!sidVot troce

at 2 sac

I II

.4 _ . jfi j _______

.oI..... fI I
10r

!1QeiC~n?¢o~ve dow- cnward ac¢.lertior is poultive.

+20 ___

!T+10-

-0 -- .. -•-- : p
-10 ..-- J- I __ _

-520

"Figure D.-7. Anceleratlon c€wm.t from oncisiogram..

+30:

+20



Lnge Scale rrace Rtesidu~al tracc
(9) at 2 we,

+50;

SK ° i 1Sinconvention: downward ,oztiv

430 1---i-1 -___

+20 ~ -t--4- --i----- ---- I
10 neec

÷I0-- t*---~ i I

ii I 1

-iol- i_ _ _

SI T-..! - IArc 3_

Ax c 4
* II

I___ i I

Fige •hVpl

Figre D-W Ct celeratjnn 'Mia b• om cacti log raft.



at 2 ov

+60
10 misc

'20 - - -_ _ _

-40~1 IWW--

440

Y10 - i-21 - 1

-40 - - - 1
S~q covoticý. owwar .*-x4y ositive

F+60 -9. Veoct dut fro __ _____



SCU40 Troce Riesidual trace
(in./IWC) or 2 SOC

+80__ 
_ _

+420 -

V2-1

X2-

-40

+80~1 -- -'-r

+40 V
V2-2 +0 - t ~~~-

Sign convention: downward ve~oiocty is posiwive.

Figure D). 10 . V elocity data from osc illogram.



-. a 
at 

T 1 
oc

ifi

I 1 
"

(~v~./s10 
na~ac

This trace went beyond 
the edge

of Ahe OsciIoogrwhI paper in the
negative direction.

•5 

1 A Il data from trace deflectionsi

greater than 2 litches were corrected5for 
the geo mletric error A ,ed bytiar trace deflections.

+~ .f - - -- 
_____

+11 1 1 1 -1
1 

Sign conventio: 
downward

Kvelocity ispositive.

A AAr VL. I T 7 t *fA

117



Gage Scale Trace Residual trace(n.lSec ) 
of 2 a -<.

•Af

iiitH

-10

10 rnsec
v2-4 1i

4~5- 5~4 --1-~i
This trace passed beyond the

-edge of 4we oscillograph paper

All data from trace deflections

+15 - gedt*-tr than 2 inches were corrected
for the geor.vetric error caused by

L large trace daefectioni.

-25 1_______I 
_ _

~ t 
Ii

.404--
ur 

ýi.n r onvention downwardj Velocity is positive-

Figzure D- 12. Velocity data frorn oscilltoigr•m-



r
(in./s.c,) at 2 we

+60

+20
V3-1

V3-2-

Sign convention: downward velocity is positive.

"T" '.nout condition existed of thoe stations
causing srmll initial negative velocities.

Figure D- 13. Velocity lata froD. oactilogmm.

II

1 10 I•
+20_____-_____'-__



0. 1 IV

0 48i

0.321 .0"
1.46' -

140" position 900' position 40* position

0. 31 -. j 0021.

v5:Fk23-
0.62" 102

160' position 20' position

0 1

Scale (inches)

o. 20-• -K f-0.08-

0. 52" V.,

173* position 7. position

lee side blast side
scratch board troce*

Figure D- 14. Nfelection of arch CAý I with respec't to the floor.

120



0.0 .3t

10poiin900 position ~# 40 position

29*

0.32" 0 ,23

Scale (.incws)

!60°pos~~on 20e po.it ion

0.33-

_0.26'-

rodivs _0.13

1730 position

lee side blast side

scratch board traces

Figure D- 15. Deflection of arch CA- I with reopect to the footirg.

121



0. 11P.

0 AO,- 40 1.471

140' position• 90' polition 40' position

0. 37 0.801, 10.64"

160' poiion position

0 I

Scale (incheis

T ~ 0.20" -F

0.5"0,94" 0

173* Position 7' O 0on

Is* side blast side

scratch board traces

Figure D- 16. Deflection of arch CA.2 with respect to the floor.

122



0 90.28

160" position 2v0" x ;ion•

A i

0.0.31

iT3° positiorf 7' position

i.e $,d• blast side

scratch board troces

Figure D-17. Deflection of arch CA-2 with reopect to the footing.

.23



0.65"• ---0

05 09T

-TI . . . ...

-t_

I A ' u i t - i ,on Pwkiio position

0 1

,cole (inches)

0.10"

0 . 04 "l

0. 38' ~~~0. 8 2 1'. 65
0. -4 0.61I

17" position ° p<ition

lee side t'2ý.st s;de

sc ratch board ýrncces

F-iguze D)- 18. Deflection ol arch CA-3 with respect to the floor.

124

•z. • • • . . ..... ...- -.. •••• •--•:- . " ... , _.I ''T ... .... .. • -



I 32

00.06

9vc po~iponA

'ON

!60* position 20* position
40 position

/' 0..,3,

!600•' posi;tion 7r i~cnlor

tCK~

Figure D).- 11. DeficitSon of arch CA-3 with respect to thee soot)

1250.

"Irv~



0.08"

0, 54

I I+

25 .

L1.04-

0. 25"

0 1

Scale OnC60%)

no record T -ZO. 35"

•0.20"

173 posit;on 7" position

east *ide west side

scratch board trjces
facing ground zero

Figure D-20. Deflection of arch CA-4 with respect to the floor.

126

S• •.•.• + ., •_. M_

• ~ ~ ~ ~ ~ ~ ~ =~a , -+• -••• ;o:



j 107" 0.06U

8" 0.19

IW position 20'poi~stio
0 ' !

Scale (inchels)

II

0.180 020

1736 position Poltl©

easat side ( cln

scratch bowd tmc*s
facing grooand zara

Figure D-21. Deflection of arch CA-4 with respect to the footintg.

127



DISTRIBUIION LIST

SNMOL NO of 00to
Cali* A ct'vrtifee1 FýVl r

'110 Chief, Bureau of Yai,4s 7n4 O'che (CoO4 42)

23A I Ngvrz ain Ca;mmwanert !Kc-v ca nlj)

398 2 2 Constrfucton Battd lions

39G 5 Mobile Consitrucnon Bottalbons

3iEra 3 Aniphibiousi ConstrhJction Baltoliiori

29F 1 2 Constriction Bettwatl Baye Units

A2A I I Chief of Naval Research .. Only

A3 2 2 Chief of Navel Opotation (OP-07, OP-04)

AS 5 5 Bueaus

2 2 Colleges

E4 1 2 Laboratory ONR (Washingion, 3) C. only)

E5 1 1 Research Office ONR (Pasadena only)

E 16 1 1 Tenining Device Center

F9 7 7 Station - CNO 48oAton; Key West; Scr Juani Long Beach;
San Diego; Treasure Island; and Rodmian, ,. Z. only)

F7 7 Commtunication Station (Sat Juoa; Perth; Peawl Harbor; Adak,
Alaska; Guam; stoackton; and Cheltoahaon only)

F41 I I Security Station

F42 1 1 Radio Station (Oso only)

F61 2 2 Naval Support Activities (Landon and Moples only)

F73 2 2 Fleet Activities .- ByShhos

F77 1 1 Submarine Base (Grcton, Conn. only)

FBI 2 2 Amphibious Bases

F87 1 I Receiving Station (Brooklys, only)

H3 7 7 Hospital (Chelseo; St Alb, is, Portsmo-uth, Va.; Beaufnrt,
Great Lakeos, Son ,tego; an•d Conp Pe',dlot',n only)

H6 1 I Medical Centoe

ji 2 2 Adm-nsstation Command and Unit - SuPrs (Groat Lakos and
Son D;ego only)

j3 I U. S. Fleet Anti-Air Warfare Trairing eenter (Virginia Beach Qnly)

J34 1 1 Se.•arn - B3uPers 4Annopols' only)

J46 1 1 Personnel Center

128

• / llJ i JI [iii i -• -- -

...

;• • -- .. .• •'•• • . i.• '-;••~tl,- . .•: .,'•',••,,; •,.W.4 2•;



S5h.)o Academy

tSchoof CEC Offic-ts

j School Wai, Coll.eg

5L1 Hpar

4 a060fafry -34hSisp, INew London;, Paonam Ctty;- Card.ocit;
and Anno o,v, Only?)

L. 26 4 Naval Facilot.es - kSuShi~p (Anfiguo; Tuirkx ftin4; Batofbodos

~2 4 .Skpply Center

5 upp~y Depot ý(xcp Gt'antanarmo Bay; Sw~ic Say; andYosua

M6~ 2Avpallon Swpply iff.re

N 3 39 6uckii 12visiors 1
tCh 3tCuction Bafloi~on Ct.

- 1 Caitsc Ron ~idont.Offi vr- in -Charge

612 Publi~c Wl~rs Center

Ni-I 1 ating Activity

2 2 Recruit De~pots

Maim Corps Scoot. (0oIio

W 1 m*~i Co~ps Camrp Detach-rnnf 'Tongan only',

A~A~r Station

A' ~ ~ ~ A-r StOe.'.A, , r>

3A'r Facil~y Pe. Nobo, eI. NcpfIf a1ol

M.rarn* C~..,PS A" A#.x.or. (ýtpomfl1'ro

129

A &Awn



DISYPRUBLThOr' t.ST ~~'

SNOL No oi oa
Code 4kCtývitigs . piS

I I Chi"( of EgniUt.Army. Avnn: E-NCWE,' Washivwton.' 0

20315

FII Chf of of F{tgjir*ers, 1, 5. h,&nmy, Aitn: re;C~ ootnron t

A02.

1 ~~~U C S. 30A'$~' "~"

(Ird i'I4 fl/( 9 C"o

I I 0r~ct~r.Cooti & Gooo~alc AiUver 0 D.gPritrnt1T cifCove
6C01 Etcjbva ~ Rack ifa M.7OS5

U. 5 30,s'r~ Dea-V . i..qn'a-o i

Atyn - hAr T W W.wirnet. WuO sfm;'.n Th 202 A 0

1 ~~~~~~Foci6itrs Cffs-sr, Cod6 10A, Off'ct,0Nvi R~-rl

C~c~xtciNoIvoi f$.ci-h Grou~p Al4r't; >cQect 3ffscer,
U . o~lAmlNipbitow~is. Li rGu!L4oriceR, Va,

I I ~~~~U Ar-ty Eng'rrae. Peseoých anod rloenIobosra

Afttn S1 NFC Brreb.r-i Belv(n. Va.

IA- Fo'ce* Weopors L',jiirorory, Kirionrim A a Force 6,3-e,
A~br~uque N.U.,Attn Cvd. W..RC

L'twry.2 .iorrr.ý' c Meteuo46!njg: ond Oceoarogrtspliy, U. S 040c0;
PoItgecauate schoo' " n''y Col.;

LCDp'- ckorles W. G,.lick, Jr , CEFC. USN, CNAI3A TRA Public Workf,
NAS Pensmcoio, F a 32508

CIffrl J F Dobson, CEC. USN, Offica of Civil 0e'gnt., Dept of the Army,
Wa'h#ngton, D- C.

130

2 .~. N-T



DiS7R;BUTlON LIST lContd)

Nc,"' P, 0oa

Glut., i Choia.ya CFCOS, Alin. NO:CE Cov'se, Payt Ht vneme,* Cohl

Iapce Sysvems, DVison, Lou Angeles Air Force Station, Attn. 5,
L,3s Arg'sles, Calif

Comarnrrding Off~co', U S Ae;nq Engi1neer R01seotch ana eeonetLacooQs
A61,. Tecr~it,,cui Documents Center. Fort Belvair, Va 22060

Dertector, U. S. Army E~ngneer Waterwuys xPetument Statioin, Ann:i Mr. G L.
A'byt?ýnot, Jr.. P. 0. B~ox 631, Vicksbu'g, Miss.

ij Cs~' Nurlti' Detan ye6 Lvlrurviory Ani aaEdgeiwoao Afsirsenl,
Md- 230101

15 Defensei Atormic Support Agevncy, Attn.ý Mr. J. R. Kelso, Blast ane. Shock Division-
fa, TTCF, Woihsng~tun, V. Ci

U- S. Atomic Energy Cqmriinsisor'. Division of Technical lnfoirmranon, P. 0. Box 62,

Oak Ridge, Tenn. 27831

Chief, Civil Effects; Branch, Division of Biology and Medicine, U. S. Ato;mic
Eneigy Commi~ssio.n, Washington, D. C.

I Disaster Recu),eey Troining Officrw, U. S. Naval Construction Battaionto Center,
Cade 700, Dovirville, R l.

I Com~mandinig Officer, Ballistics Research Laboratories6, Ann; AMXBR-TB,
Mr. Willtoni J. Taylor, Aberdeen Proving Groundl, Md.

ICDR P A. Phelps, CEC, USN. UI. S. Naval MCB Eight, C/cr FPO, New YOrk

CAPT W M McLstlian. CEC, USN, Ret , 468 lst Street, Albnny, N. Y_

CDP J. C. LeDoiýix.. Bureau of Yards and Dc.cks, Department of the Navy, 2

L T Edward S. Fe-ry, U S Nova, Reservet Offlucts Training, Corps Linit, lUniversity
oi Illinois, Urbana. HLl

1 CAPT L N4 Saounders, CEC. IJSN, Coide CIO, U S Novel Construct~on Battalion
Center. Part tluenene, Calif 03,514

iLUR Edwiard, M Saunders, CEC, UJSN, Office of Naval Material (MAAT 311),
Re-u-itirenenis Aliolys~s Branch, Washýington, r. C

CDR~ W A Wills, Girecta,. Disaster Con-tral Division, Code jm0.7C0, Bureau at
Yardsý ind Docks. Washinggan. DV

T 2CcL C D Uun~el, USA., Nclear Bran~ch Chie.oDfeneAa: pr
A~rly*iaskgton, D C:

CAP" W J Christensen., CEC. USN, Commiandring Officer umnd LDrec'ui. U. S
N.~ a' F ng~neerng Laibo'atory, Par' Huenerre, Calf 93 4ý

131

-- --u --



[)lS-r'?lBUT ION LIST kCc~od)

No of -tro]

11 CDR~ J D Arnd;*ws, CEC, U$SN, Exic.i.tive OffiL'er, 1'S Naval C,_ Erqter4l
tLal~orovory. Poit Hbano1ine, Calif. Milli

1 1 CDR~ R C Van'ce, CR.C, U'bN, Logictics Director. U 5 No'vcl Civil Fn,,gqrjor~n
__4hor-jtor,, Part Musnatin,. Cý'týf. ')304t

1LCDR 0 L ODixon, CEC, USN, Assistant O~ffcee.riChotgt, U. zi N0.01 srchol,
CFC Officnrs, Port Hueneme, Calif. 93041

i UR (2. Curaiong, cf`C. USN, Roviioert
Lcnq Beoch Arita, P 0. Box~ XX, Sool Bearbf, Col~l 90740

I CDR 3c'rrgsi M. Gons, CECC USN, U. S. Novfol Schnoo, CEC O~fiCar&, PQ. ,!e~.
Calif 93041

1 1 CDR C_ R, Whipple, CEC, USN, U, S. Navy Publi c Works Comier, Box 6, FPC Son
Francisco, Calif. 96650

I LCDR T. Yosihilcra, CEC, USN. DGICC, Southeast Asic, APO 143, Scnn Froricrco

1 I LT L. K. Donovon, CEC, USN, Disaotsr Corntrol Officer, U. S. Naval Corin nrlicotion
Station, Honoluliu, FPO, Son Fton?:it -- , Cold. 96613

1 1 LCDR Walter J3. Eager, Jr., CEC, USN, Positive ion Accalarator Branch,
AFRRI-NNMC, Bqt~ivsda, Md-

1i CDR W. J1. Fraricy, CEC, USN, Engineering D*Fortrpoit, L) S. Noyal Academy,
Annapolis, Md. 21402

1 LCDR 1. 0. Crowley, Jr Bloast and Shock Diy~znon, 0&,fnnse Atomic Support
Agency, Washii~tan, D. C.

I LCL R 19. H Banoiister, CEC. UISN, Field Corntrand, Defense Support Agenc),
Sondin Bose, Attbuquerque. N. Msix,

II Major Robert E. Crawliord, Air Force Weapons Laboratory (WL-DC), Kirtland Air
Force Base. N. Mex.

-I CCLR Ails" F. Dill, CEC, USNR, Public Work* Off car, Headquarters Support
Activity, Taipei, Biox 25, APO, San Francisco, Calif. 96263

I Mr. Neal FitzSimpns, Director, Erijinoor~ni 0eiveoloiont* Division, Offic.0 of
Civi;l Defetise. Department of Defense, Wushingto.-. D. C.

I Mr. Benjamin C. Taylor, Special Assistant Technical Liaison, Roo-n, 1C529,
Pentagon, Office of Civil Dialinit. Deportment of Army, Woshjni)Iritt, D. C.

I 1 Mr. Chodles M_ Eisenhouist, Rod~ation Physics Laboratory. Notionol Eureaou of
Standards, Washington, D C

I D r James 0. Bgtchanan. Direct.)r, Shelter Research, 0"1, c of Civil Defense,
Department of Defense, Wash'ington, 0 C 70310

1 1 Mr John A Aviiier, Oakc Ridge National Loharafomy, Oak R~dye Tenn

1I O r W,Iliom E Kroger. Head, Nucleonics . ,v*.on, U S Naval Wad~ooagical
Defense Laobrato,y, Son Francisco Calif

1:2



DISTRIBUTION LIST i'Contd)4

Na of L-ooI
Act~.es Ccpies

I Mr Richard D Colnott 3ry Conitrols, Inc., 700 Pleasant Streets
Watertown 12, Mass.

Mr t ,i e~e*ie I.

Me~. Wolter D, CGi'r'tther G erfiemnt Corns..itirg, The Mitre Cot pofot.i-3t
P- 0. Box 20S. t.,rpngton, Most'.

I Mr- Lyndon WVoIch, Eb*eIl M Smith Absocia'er-, Inc., 153 East Eiizaohth Street,
VD011if 1, Mich

Of. Mevit F White Head, Dirportment of Civil Egittorring, tUr~io*teity at

Massachusetts, Amherst, Mass.

D;-Rolber j. Hunzen, Dt~portrrcent of Civil & 4arnitary Metnaessachiiety.
Inatuiso TechnOoloy, Carmbridge, 39, Mcf,%.

N. Molt.

1 r. Eric T, Clatko, Vice Presidti t for Research and Doveiopmtv~it, Toichnic-al
operationsi init, ] '~oloss.

I Dr. A. 8, Chilton, Associate Prk~f~ssor of Civil -3nd Nvc*deor Engineering,
207 Nuclear Engineeiring Laborctory, University 04 Ilnois. Utbona, II:.

1 Mrs. Shoo Volley, CRTE, A. F, Cambridge Resiwofh L*6oratoriies. L. G. Hap~r.-rn
Field, lBedforA, Mass. 01731

Dr. John T. lanley, Cý~ Ptofessorf Of Civil Engine,oving, Utrivittsity,of1

Minnesota, M fnieaaolis, Milrn.

I Prolossor Joseph Silverman, Department irf Chrmkcai Enigin eriftV, University of
Maryland, (.olleov Path, Md.

Dr. F T. Mavis, Dean and professor, Dopt- of mechanical Engrlu~e. Ing, Lin~versity
of Marylund. Callaoit Parlh, Md. 20742

3 Professor Mate'. L. P- Go, Professor of Civil Engineering, Department of Civ~il
Enginevi~ng, =g;~ Hawaii, Honolulu, Howaii 968229

1 of. James P. Rorn.1alj, plilfsisor, Research in Structural Dfinamics, Carrnegiei
lostituto of Tar no~oqgo, Pillsburg. Pa.

I Dr. Aiehsondof Sednik ohVsic, Professor o4 Civil Enginteering, Dukhe Univeorsity,
D)urhom, N, C

1 Mr. C C, Mow, The Rand Corporation, 1700 Main Stretioii $onto Monica, Calif.

Ofr. Wiliaim L. White, Director, Civil Defense Technical Office, 1?tonfo~d R.ess'eh
lrislt'utip, Menlo Park, Calif

1 Dr C. V Cholapahi. Asks,utant Professor of Engineernim; California State College
at Los Angola-. Las Amgeles, Calif. 90031

133



D)ISTPIBtITION LI- a (Coru'dl

Ne, ATotaI

I Gr Gcciig N S. r.soo, 041 ir uf C' vj J aloia.e , utr~sA<fC

I M; F 'Tor-anit A & E Sefvice¶ý Civii;omt, Office -,(I C- efonsti.

Deport-ment Af COfense. ashnto. 0 C

Mir Žr!chord Park, Tachm ý:oI Civcto', Ad4'sorv coin-",ttecr. ott C itDefoirse'..

Nt-ými cisoo.i at->nss ~ ons'itution Avenueo N W., Was-higtvn, t-s-

L).e. LE. Maircy. Oeter-& tHa-t'ch ;I'n-d Offt. niP-f "o A.--~.-
Deportmentf of Ntate,!o Defeinse, CreOwc, Canada

C, W'4Nohuos Perrone, 0'-fn. At- 11nvol Reerr oA 49 t 0c h

NavYy, Wovhcngtori, C C

I Mr J. C Jocksonr, Jrciiet' impulfse Load% S.'ztaor., Soilyamc ~rnh
U. S. Army Eng,re~er Wolfit#uy s Experi-entSt'io V'cksburrt. Miss

L Librar, rWcie u'to )evulapfnen! GenIe:-. flildiny 2591, Fnrt lko,

va 22060

I Librorrnn, Notionci Fesi co E valuatioo Center, Oftf.-e' ofE-agnyP1lrnitnu,

Rom01 1, tXQcutIve ON' -e Buvilding, Woshington. LC C 20 50^4

Mi G H Alhright, Head, Depa'trnent of Arci,ttectrura 10iras ng o Engioecrit~q
"*A" BuildingS, The Pentinyvm v 3n Stareý Uoiversity.. sJmtve'stýy Pork, Pa

Jr'~so . Nnst, 71,wkairpsun., Edvuct-)in and Researc-h. ''iv; Frgngtneing

Coap~rtmeot, University c-:~s Aost n Tax

1 M,- Fred M. Soot(, Phys cis Uepaesment, StNmford Pe ath'itt3,4e.Ihr,

1 0 ~Theodc'-e Sobm, t:3, is.rri Institute of Tech-nology Research irOt 4-tte.

10 W B5trr 3tree, Chcq M 60616

j); Paonr, whtrrriar. Rioiom 346, Massacchusetts Iirt
t
oof T echnology,

Cur'idePs c29

1 0 L~ew~is V Sne.Phys. ci Department.t O)rtowo Cry.' ryO'rwKna

M r F 'w InE Si, 5 tir, Prt&c-t e Con stur tort -c A Miu 1;1 - 1 'g. t? Oi oi

ýtee% N WN ~r~'gI-), C 20405

S':r t.,~ - ~ oa-~N t' 2

nT, 1 .,. -7- L P4i",U

34



OiSTRWhLITION LIST (Csintd)

Ch~ef, Engineering Division, U) S. Army Engineer Dtistrict. Omal-a, Carps o4
Engineers, 6012 U. S Fost off-'e and CoUrt Hoousi, Omaha, Neb. 66102

-,. 5 W eie, Hed, Nuclear Sciences Lob-'ralory, Northrop Space
Laboratories, 3401 West P'racitwoy, Hawthorne. Calif 90250

Prof. Elmira Satyri, SchoolI of Ar~chitecture. fAotionQar State College, Bozeman,
montana

Chieý Superitnrondeint, Suffiefld Experemenial Slatmon, Rolntaon, Alberta, Canada

Liu ayy, Civit Enganeteeng Ltept , Untversity of Hawaii, Honolulu

Library, Dept. of eeoaguand Oceianocgraphy.. U. S. Naval Pspaut

School, Monterey, Caolif.4

Ltibrifj. PubicG Documeants 09o~., Duk'te Ur~hDi~r .-

P~fo Caril H Kacmnnv, Civil Engineering Dept., Worceste: Polytechnic Institute,I
Worcester, Mass.

Mr. Frank Keptorrak, I,. 5. Navy Underwater Sound Laboratory, New London,
Conn.

Dt. Armas Luupo, Thu Rand Carp, 1700 Main Si., Santa ManWico, ...

Commonder, UL S. Naval Wetapons Laboratory, Atint Codcv TEY, DahIlgren, Va.

135

- -. E


